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PHYLLOPLANINS:  NOVEL ANTIFUNGAL PROTEINS  
ON PLANT AERIAL LEAF SURFACES 
 
 
 Secreted surface proteins are an innate immune defense component employed by animals 
to inhibit invading microbes.  Surface proteins have not been documented in plants, even though 
the aerial leaf surface, or phylloplane, is a major site of pathogen ingress.  We have discovered 
novel proteins, termed phylloplanins, which accumulate on leaf surfaces of Nicotiana tabacum, 
and we have isolated the gene Phylloplanin that is unique in gene databases.  Natural and E. coli-
expressed phylloplanins inhibit spore germination and limit leaf infection by the oomycete 
pathogen Peronospora tabacina.  
 We investigated the site of phylloplanin biosynthesis using biochemical techniques.  
These techniques included radiolabeling of detached trichome glands, radiolabeling of epidermal 
peels, analysis of leaf water washes of various Nicotiana plants, and examination of guttation 
fluid, leaf vein contents, and extracellular fluid. From these experiments, we tentatively conclude 
that phylloplanins are produced by hydathodes, or an unknown surface secreting system, but not 
by glandular secreting trichomes.  Future experiments with the phylloplanin promoter, whose 
elucidation is described herein, and its fusion to a reporter gene (GUS or GFP), will undoubtedly 
provide further insight into the location of phylloplanin biosynthesis and deposition.  We suggest 
that the hydrophobic nature of phylloplanins aids in their dispersal over the leaf surface. 
    Phylloplanins constitute a first-point-of-contact, rapid response, innate immune 
deterrent to pathogen establishment on N. tabacum leaf surfaces, and are the first studied 
representatives of a novel protein class in the plant kingdom.    Further study of leaf surface 
proteins is justified to understand further their roles in plant defense, and to investigate their 
potential in agricultural biotechnology. 
ABSTRACT OF DISSERTATION
  
   Additionally, we describe miscellaneous observations we have made during the course 
of this research.  Low molecular mass proteins (as yet uncharacterized) are washed from leaf 
surfaces of sunflower, soybean, and other plants.  Pathogenesis-related (PR-)-5a, a known 
antifungal protein, was found to be present on the leaf surfaces of healthy plants, although its 
function there remains unknown.  A phylloplanin homologue from Arabidopsis appears to be 
antibacterial.  Further study of this protein is warranted.  We note that proteins can also be 
recovered from N. tabacum root surfaces, or the rhizoplane, but we have not further 
characterized these proteins. 
 In summary, novel surface-accumulated proteins, termed phylloplanins, and the gene 
encoding these have been discovered in N. tabacum.  An antifungal function for phylloplanins is 
reported, and evidence was found for a unique mechanism of surface deposition. 
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Chapter 1:  Passive Phyllosphere Defenses against Airborne Fungal 
Pathogens 
 
1.1. The Phyllosphere 
 The phyllosphere, or the microorganismal habitat of plant aerial surfaces (Lindow and 
Brandl, 2003), is a complex ecosystem that traverses the fields of microbiology, plant pathology, 
and plant physiology.  While textbook illustrations may render the leaf surface as a simple, well-
defined boundary, investigators have long known that it is much more complex (Last, 1955; 
Ruinen, 1956).  The leaf-air interface is a dynamic, three-dimensional gradient of organismal 
transition from innermost plant cells and biochemicals to outermost non-plant cells and 
biochemicals.  It epitomizes molecular exchange between plants, bacteria, fungi, and the 
atmosphere, where biochemical secretions from hosts, epiphytes, and pathogens mingle in a 
complex ecosystem.  The phyllosphere is also a main route of pathogen ingress. 
 The phylloplane, or leaf surface, is an innermost or basal region of the phyllosphere.  It is 
composed of plant epidermal cells, including trichomes and hydathodes, and plant secretions, 
such as topologically exposed epidermal cell walls, epicuticular lipids, exuded biochemicals, and 
leached ions and sugars.  Among the earliest surface structures recognized by light microscopists 
were glandular secreting trichomes, simple trichomes, and hydathodes, which tower above the 
epidermal plane and can deposit biochemicals on the leaf surface (Wagner et al., 2004).  Stomata 
open to the apoplast via sub-stomatal cavities (Beattie, 2002) to allow gas exchange, and are 
interspersed with varying types of ducts and pores including lacticifers, lenticels, etc.  Atomic 
force microscopy (AFM) has been employed recently to examine leaf surfaces and detect 
topographical variations at the molecular level (Mechaber, 2002).  From AFM studies, sub-
micron irregularities have been measured between regenerating epicuticular waxes (Koch et al., 
2004), and the surface ‘roughness’ of cranberry (Vacinium macrocarpon) epicuticular lipids has 
also been found to increase with leaf age (Mechaber et al., 1996).       
 In this review, we will discuss phyllosphere defenses that act against fungal pathogens.  
While these same defenses could also inhibit or influence bacterial epiphytes and pathogens, 
these interactions will not be described here, and the reader is referred to many excellent reviews 
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on these topics (Beattie and Lindow, 1999; Andrews and Harris, 2000; Lindow and Leveau, 
2002; Lindow and Brandl, 2003).   
 Surface structures and secretions provide physical separation between surface-adhered 
spores and the leaf interior, causing spores to undergo circuitous and potentially less successful 
colonization routes.  Conditions in phyllosphere microenvironments are altered by leaf surface 
structures and biochemicals to deter spore germination.  Also, constitutively-secreted surface 
biochemicals can directly inhibit spore germination and growth.  We will note adaptations by 
which airborne fungal pathogens counteract plant surface defenses where applicable.  We will 
examine in depth the leaf colonization process of the oomycete pathogen Peronospora tabacina, 
an archetype foliar pathogen that invades N. tabacum, and describe phyllosphere defenses that 
counteract P. tabacina.   
   
1.2. Pathogen Attack via the Phyllosphere   
 Plants can be invaded by many types of pathogenic organisms, including bacteria, fungi, 
viruses, and nematodes.  However, the major causes of plant disease are fungi and fungi-like 
(e.g. oomycete) pathogens (Lucas, 1998), and higher plants constantly experience fungal 
pathogen attack.  Airborne fungal spores are disseminated through atmospheric wind currents 
and deposited on leaves in a reproductive dispersal strategy termed fungal aerobiology (Aylor, 
2002).  This strategy directly exploits the phyllosphere, even if only transiently, for it is in the 
phyllosphere that successful spore germination must be achieved.  Subsequent host colonization 
occurs through a series of general steps (Lucas, 1998).  After passively and randomly contacting 
a potential host, deposited spores adhere to the leaf surface.  Fungal adhesion can occur 
physically, via passive entrapment of spore appendages in leaf surface structures, or 
biochemically, after synthesis and secretion of adhesives like mucilages (Jones, 1994).  If 
environmental conditions are favorable, deposited spores develop germination tubes (or germ 
tubes) that grow rapidly across the leaf surface.  Host entry occurs when germ tubes form hyphae 
or appressoria, which can either grow into stomata and wounds, or directly penetrate the 
epidermis.  Once the leaf interior is accessed, obligate biotrophic pathogens establish a host-
pathogen interface, or direct connection with a living plant cell.  Colonization of the leaf interior 
continues, culminating in production and release of spores.   
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 Epiphytotics, or widespread outbreaks of plant disease, dramatically illustrate the havoc 
that airborne pathogens can unleash, but fortunately they remain rare events.  Individual plants 
seldom die from diseases (Broekaert et al., 1997), even though during the growing season, 
pathogen spores are prevalent both in the atmosphere (Gregory and Hirst, 1957) and on healthy 
leaf surfaces (Rodolfi et al., 2003).  How is it possible that a pathogen inoculum is present, yet 
host colonization and subsequent disease do not develop?  Field environmental factors, e.g. 
humidity, temperature, etc., are believed to be the major modulators of disease onset, although it 
is becoming increasingly apparent that conditions in leaf surface microenvironments differ from 
environmental conditions at greater distances from these microenvironments (see below).  Most 
spores are sensitive to ultraviolet light or humidity levels, and lose viability very quickly if 
exposed to direct sunlight, so cloudy conditions are generally required for disease onset.  Also, 
for optimal spore germination to occur, conditions of high relative humidity must persist.  During 
most growing seasons, there are days when environmental conditions are favorable for spore 
germination, and yet disease does not develop.  In these cases, plant defenses, consisting of both 
induced and passive defenses, are believed to inhibit the onset of plant disease. 
  
1.3. Plant Defenses and the Phyllosphere 
 Plants with defensive adaptations achieve a selective evolutionary advantage over 
unprotected plants that are seriously affected by disease (Gilbert, 2002).  This is exemplified by 
the adaptations comprising innate immunity.  Innate immunity can be defined as a “germline-
encoded” system of defense that rapidly works against a wide range of microbes (Boman, 1998), 
or it can be thought of as a system for discerning between “infectious non-self and non-infectious 
self” (Janeway, 2001).  It can also be viewed as the sum total of the preformed and induced 
compounds that contribute to host defense (Gallo and Huttner, 1998).  The innate immune 
systems of multicellular organisms utilize defensive strategies that are thought to have originated 
in common, ancient ancestors (Kimbrell and Beutler, 2001).  Through evolution, organismal 
lineages diverged in the molecular mechanisms employed for microbial inhibition, giving rise to 
the complex innate immune systems of modern organisms.  Whereas adaptive mammalian 
immune systems have been aggressively studied, innate immunity has received comparatively 
little attention (Beutler, 2004).  
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 Induced defenses of plants, which will only be covered briefly here, are components of 
plant innate immunity that have received much attention due to their importance and their 
similarities with animal innate immune systems.  We refer the reader to excellent reviews 
covering plant induced defenses (Holt et al., 2003; Veronese et al., 2003; Jones and Takemoto, 
2004).  R-gene mediated disease resistance initiates with recognition of a pathogen through 
detection of avirulence (avr) gene products by a specific plant resistance (R) gene product.  Plant 
defense responses comprising programmed cell death or the hypersensitive response are then 
induced (Nimchuk et al., 2003; Veronese et al., 2003).  R-genes are believed to evolve rapidly 
through recombination of recognition domains such as leucine-rich repeats, nucleotide binding 
domains, and Toll and interleukin-1 receptor-like domains (Fluhr, 2001; Martin et al., 2003).  
The avr gene products, produced by fungal pathogens, include secreted elicitors that are 
introduced into plant cells, where they are recognized by the host (Tyler, 2002), or other fungal 
biochemicals that are detected in the apoplast (Nimchuk et al., 2003).  The avr genes of 
oomycetes are believed to be good targets for future pathogen control strategies (Tyler, 2001). 
 Passive defenses (or non-induced, constitutive, or preformed defenses) are employed by 
plants as well.  These include waxes, apoplastic antimicrobial peptides, proteins, and secondary 
metabolites (Osbourn, 1996; Wittstock and Gershenzon, 2002).  Also included are those defenses 
typically thought of as mechanical or structural, such as the thickness of epidermal layers or 
surface hairiness (Chester, 1942).  In contrast to R-gene mediated responses, which recognize 
specific pathogens before defenses are activated, passive defenses act in a broad-spectrum 
manner.  They are also immediate, whereas induced responses have lag times of hours to days 
before full defenses are deployed (Heil and Baldwin, 2002).  Passive defenses may “buy time” 
for the plant and hinder pathogen growth and development until induced defenses are deployed. 
   
1.4. Phyllosphere Defense through Physical Separation of the Pathogen and 
Plant Interior       
 Leaf surface protuberances include simple trichomes, glandular secreting trichomes, 
hydathodes, and other structures that extend above the epidermal plane, and the morphologies of 
these vary widely between plant species (Wagner et al., 2004).  In general, surface structures 
increase the distance between invaders and the leaf interior, and because of this are mechanical 
deterrents to pathogens (Levin, 1973).  Even defenses such as these may be inducible.  For 
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example, trichome density is reported to increase on developing willow leaves if older portions 
of the plant are attacked by insects (Dalin and Bjorkman, 2003).  It is unknown if fungal attack 
can cause a similar response.  Trichomes entrap water droplets, and prevent contact between 
water and the phylloplane.  If hydrophobic fungal spores, such as those of Uromyces 
appendiculatus (common bean rust), are deposited in these droplets, they will rise to the drop 
periphery and their germination tubes are unable to reach the epidermis (Stenglein et al., 2004).  
Trichomes and surface protuberances are also unsuitable for direct penetration by some 
pathogens.  If spores of the bean rust fungus land on trichomes, germination tubes have been 
observed to grow down the trichome stalk to the epidermal plane before penetration can occur 
(Niks and Rubiales, 2002).  Perhaps this is due to the encrusted nature that is typical of trichome 
cell walls.  Deleterious side-effects of trichomes toward plants have also been reported, including 
the observation that trichomes actually increase spore deposition by trapping more spores than 
non-hairy surfaces (Niks and Rubiales, 2002), or that trichomes ensnare and kill beneficial 
insects (Eisner et al., 1998).   
 Plant secretions form another mechanical barrier between surface spores and the leaf 
interior.  Plant cells secrete polysaccharides, lignin, suberin, and proteins that self-assemble to 
form thick cell walls (Cassab, 1998), which provide structural support for the plant.  
Additionally, plant epidermal cells, including trichomes, guard cells, and cells in substomatal 
cavities, secrete a hydrophobic cuticle at the plant-atmosphere interface.  The cuticle consists of 
C16 and C18 hydroxy fatty acids (cutin), polysaccharides, and long-chain aliphatics, or waxes 
(Jeffree, 1996), and is the major hydrophobic barrier protecting the plant against dessication 
(Riederer and Schreiber, 2001).  Glandular trichomes, which are present on  about 30% of 
vascular plants, secrete biochemical exudates to the leaf surface that can accumulate up to 30% 
of the leaf’s dry weight (Wagner et al., 2004).  Hydathodes, specialized cells linked to the 
vascular network, are generally known to extrude water and ions to the leaf surface during moist, 
cool nights in a process called guttation (Ivanoff, 1963).  Recently, guttation fluid of barley was 
also found to contain pathogenesis-related proteins (Grunwald et al., 2003) that were suggested 
to inhibit bacterial penetration through hydathode pores.  Thicknesses of secreted layers vary 
according to plant species and location on the leaf.  Cell walls are thicker in the anticlinal regions 
between adjoining cells than in other areas.  Plants with thick epidermal layers are more resistant 
to disease than plants with thin epidermal layers, as was noted with barberry and the stem rust 
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pathogen (Chester, 1942), and is evident on plants with bark (Menezes and Jared, 2002).  
Epicuticular waxes can crystallize in some plant species, resulting in increased cuticle thickness.  
Exudates from glandular secreting trichomes tend to accumulate in specific regions of the 
epidermal layer, such as between epidermal cells or around the bases of trichome stalks (Wagner 
et al., 2004).   
 Compatible fungal pathogens, or those able to cause disease, have evolved strategies to 
bypass mechanical barriers of their respective hosts.  Some fungal pathogens simply avoid 
structural barriers through recognition of leaf surface topography.  Appressoria of Uromyces 
species can sense “ridges” on the epidermis measuring 0.25 to 1 µm in height and in response 
change their directions of growth (Hoch et al., 1987).  Nanotechnology microfabrications 
imitating leaf surface structures have provided even deeper insights in three dimensions into the 
keen sensing abilities of fungal hyphae (Hoch et al., 1995).  Fusarium solani produces the 
carboxylic ester hydrolase cutinase that degrades cutin polymers, allowing germ tubes to 
penetrate the plant cuticle (Egmond and de Vlieg, 2000). Colletotrichum and Magnaporthe 
species produce specialized hyphae that enzymatically dissolve cell walls (Mendgen et al., 
1996).  Molecules released during this process include hydrolytic enzymes and digested cell wall 
components.  Receptors of host plants recognize these as signals of fungal infection, and local 
callose deposition is rapidly induced, to strengthen the cell wall in the surrounding regions 
(Mellersh and Heath, 2001).   
      
1.5. Phyllosphere Defense via Modifications of the Phylloplane Environment  
 Phyllosphere microorganisms live in microenvironments that are very different from the 
plant’s open-field environment, or weather, in terms of classically measured conditions (e.g., 
temperature, relative humidity, nutrient and water availability), and conditions in these 
microenvironments change rapidly (Lindow and Brandl, 2003).  A boundary layer, or laminar 
region of stable air, closely surrounds the leaf surface, and is separate from turbulent atmospheric 
conditions (Burrage, 1971; Schlichting, 1974).  The relative humidity of air surrounding tomato 
leaves increases within 5 mm of leaf undersides, and reaches maximal levels at midday, when 
transpiration is highest (Boulard et al., 2002).  Microscale measurements have been made of 
phyllosphere environments using biosensors (also called bioreporters).  Bioreporters are 
genetically modified microbes that contain an environment-sensitive promoter linked to a 
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reporter gene, so that reporter gene expression responds quantitatively to environmental changes 
(Leveau and Lindow, 2002; Belkin, 2003).  Water availability on Phaseolus vulgaris leaf 
surfaces is very low when measured with a psychrometer, yet water-stress biosensing strains of 
E. coli, P. agglomerans, and P. syringae indicate that instead, abundant water levels are present 
in their microenvironments (Axtell and Beattie, 2002).  Fungal spores, while much larger than 
bacteria, face similar micro-environmental conditions, although there are no reports yet 
describing fungal biosensors.  Presumably, spores on host leaf surfaces germinate only when 
conditions of their microenvironment are favorable, including high relative humidity, cool 
temperatures, periods of darkness, and the presence of free water.  Leaf surface components that 
alter microenvironment conditions have the potential to deter spore germination and thus can be 
considered passive phyllosphere defenses.   
 Leaf surface wettability is a microenvironment condition that is altered by passive 
phyllosphere defenses.  Free water is necessary for the formation of germination tubes of many 
fungal pathogens, and leaf surface topography and chemical composition can influence the way 
in which water adheres to the surface.  Waxy surfaces repel water and cause it to bead, or form 
droplets, which evaporate faster than a water film because of their greater surface areas and more 
exposure to turbulent atmospheric conditions (Bradley et al., 2003).  Hydrophobic cuticular and 
epicuticular waxes influence leaf wettability by causing water droplets to form, hence 
minimizing the contact area of water with the leaf surface and subsequently decreasing the 
residence time of aqueous solutions (Beattie, 2002).  Amphipathic biochemicals such as trichome 
exudate sugar esters may serve to enhance exposure of spores to fungitoxic biochemicals on the 
phylloplane. 
 
1.6. Phyllosphere Defense via Direct Pathogen Growth Inhibition 
 An innate immune strategy in animals that is increasingly recognized for its importance is 
surface protection (Gallo and Huttner, 1998; Schroder, 1999).  This strategy consists of direct 
microbial inhibition at the first point of host contact, usually the boundary between the host and 
the external environment.  Microbes first contact many plants via their secretions, including the 
cuticle, exudate, and guttation fluid, and many compounds in these secretions are able to inhibit 
fungal deposition or germination.  In sagebrush, the composition of leaf surface chemicals 
changes according to geographic location and encountered fungi, suggesting that fungal 
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pathogens have selected for antifungal leaf surface components (Talley et al., 2002).  
Terpenoids, phenolics, alkaloids, and other secondary products are present on leaf surfaces 
(Wagner, 1999; Vrieling and Derridj, 2003), and many of these surface compounds from have 
been shown to inhibit fungi.  However, the interactions between leaf surface biochemicals and 
fungal pathogens are very diverse and species-specific, and so we will not describe them in detail 
here.  Instead, in the next section, we will describe as a case-in-point the leaf surface exudate 
biochemistry of N. tabacum and its impact on a single fungal pathogen.  
 
1.7. Case in Point:  Peronospora tabacina Colonization via the Phyllosphere   
 Peronospora tabacina belongs to the class Oomycete of the kingdom Stramenopila 
(Kamoun, 2003).  It causes the disease blue mold (or downy mildew) on several Nicotiana 
species, including the commercial species Nicotiana tabacum, and has the potential to cause both 
local and systemic infections (Lucas, 1975).  Although not a true fungi, P. tabacina is fungi-like, 
and as an obligate biotroph it requires living plant tissue to grow and reproduce (Latijnhouwers 
et al., 2003).  P. tabacina propagates through the release of asexual spores (also called 
sporangiospores or sporangia) that are elliptical in shape and are between 15-20 µm in length 
(Lucas, 1975).  Spores are released from the tips of stalked, branched sporangiophores 400-750 
µm in height, that emerge from stomatal openings and are capable of producing 25-26 spores per 
generation (Lucas, 1975; Svircev et al., 1989).  Sporangiophores elevate the spores above the 
boundary layer of air covering the leaf surface, giving infected leaves a characteristically gray, 
“downy” appearance.  Spores are released on a continual basis, regardless of wind speed, and, 
except in cases of systemic infection, sporangiophores emerge exclusively from the undersides 
of tobacco leaves.  If spores were released from the upper leaf surface in calm wind conditions, 
they would fall back on the original leaf almost immediately, whereas spores dropped from a leaf 
underside will fall for 10-13 seconds before hitting the leaf below (Aylor, 2002).  Downward-
dropped spores are airborne longer, and so they have greater chances of encountering wind gusts 
and being dispersed.   
 Once in the atmosphere, blue mold spores spread locally, to infect other plants in the field 
(Hill, 1961), or across entire continents, as they did in North America in 1979, advancing 
northward from Florida to Connecticut at rates of 9-18 km/day (Aylor, 2003).  A blue mold 
epiphytotic also occurred in Canada during that year (McKeen, 1989).  Because of their 
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relatively large size, airborne blue mold spores are considered to be “impactors”.  This means 
that due to their inertia, they tend to escape from the accelerated streamlines of wind currents 
flowing around leaves, and instead impact the surface (Aylor, 2002), where they are deposited.  
The majority of deposited spores are believed to accumulate in the depressions between 
epidermal cells, above the anticlinal cell walls, where surface bacteria and secreted exudates also 
accumulate.   
 A blue mold spore can germinate within 0.5-2 hours after deposition on a leaf surface.  
By 3 hours post-deposition, an appressorium has formed and an outgrowth called an infection 
peg has penetrated the epidermal layer (Svircev et al., 1989).  Penetration has been observed 
through both normal epidermal cells and trichomes (Lucas, 1975), although it is unknown if 
trichome penetration influences the success of colonization.     
 For successful spore germination to occur, the spore must tolerate biochemicals present 
on the leaf surface.  On N. tabacum, these biochemicals include cembrenoid and labdenoid 
diterpenes, sugar esters, surface waxes, volatiles, and other minor components (Wagner, 1999).  
Exudate diterpenoids and sugar esters produced in the glands of trichomes (Kandra and Wagner, 
1988) accumulate under the cuticle surrounding the gland, and can pass the cuticle via striae and 
flow down the stalk.  Leaf exudate alpha-CBT-diols, beta-CBT-diols, labdenediol, sclareol, and 
sucrose esters, in sufficient amounts, have been reported to inhibit P. tabacina spore germination 
(Cruickshank et al., 1977; Menetrez et al., 1990; Kennedy et al., 1992).  Leaf washing with water 
(Hill, 1966) and acetone (Reuveni et al., 1987) to remove cuticular components prior to 
inoculation increased the plant’s susceptibility to blue mold.  
   
1.8. Protein-based Defenses of the Phyllosphere 
 Interactions between plants and pathogens in the phyllosphere are very diverse, involving 
epidermal cells, specialized cellular protuberances, and secreted secondary metabolites.  Passive 
defenses undoubtedly play a pivotal role in keeping host plants free of disease, although they are 
most definitely not the only governing factors.  Given the complexity and depth of inter-kingdom 
phyllosphere molecular exchange, it is strange that reports of leaf surface proteins are rare in the 
literature, especially since the presence of surface-disposed, antimicrobial proteins is an innate 
immune strategy well-documented in animals.  We generated the following hypothesis to lead 
our investigations. 
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Hypothesis:  Proteins are present on aerial leaf surfaces, and they contribute to host 
defense. 
 In this dissertation, we will provide evidence supporting the hypothesis that plants have a 
protein-based surface defense system. In chapter 2, we will detail the initial observations leading 
to our discovery of N. tabacum phylloplanins, and we will describe the elucidation of the gene 
Phylloplanin.  We will provide evidence indicating that phylloplanins are antifungal against the 
oomycete P. tabacina.  In chapter 3, we will propose a model pertaining to the site of 
phylloplanin biosynthesis, as well as describe the recovery of the phylloplanin promoter region.  
Chapter 4 will contain some miscellaneous observations we have made throughout the course of 
the research, including the presence of Pathogenesis-related (PR)-5a protein on the leaf surfaces 
of healthy plants, the antibacterial nature of a phylloplanin from Arabidopsis, and the recovery of 
proteins from tobacco root surfaces.  In chapter 5, we will speculate on areas of further 
phylloplanin research, including the potential utility of phylloplanins as fungicides, and the 
utility of the phylloplanin promoter region as a novel leaf surface protein delivery system. 
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Chapter 2:  Phylloplanins - Secreted Antifungal Proteins on Plant Aerial 
Surfaces 
2.1. Introduction 
 
In animals, secreted surface proteins comprise an ancient defense against colonization by 
pathogenic microorganisms.  Potential pathogens are immediately inhibited by these 
antimicrobial proteins when they first contact the host, usually at the host’s interface (e.g. skin, 
intestinal epithelia) with the external environs, before other defenses (e.g. signaled responses, 
immune system) are engaged (Gallo and Huttner, 1998; Schroder, 1999).  Surface proteins with 
antimicrobial properties have been found on Drosophila (Ferrandon et al., 1998), African clawed 
frogs (Xenopus laevis) (Zasloff, 1987), and humans (Homo sapiens) (Schittek et al., 2001).  We 
examined leaf surfaces to see if plants employed a similar surface protection strategy, and found 
that surface proteins existed on all plants tested.  Leaf surface proteins collected in a leaf water 
wash (LWW) of Nicotiana tabacum inhibited spore germination and leaf infection by the 
pernicious oomycete foliar pathogen Peronospora tabacina (blue mold).  We termed these 
proteins phylloplanins, and used amino acid sequence from these proteins to isolate the N. 
tabacum gene Phylloplanin, which has a unique nucleotide sequence.  Like native phylloplanins, 
E. coli-expressed protein also inhibited blue mold spore germination and greatly reduced leaf 
infection.  Phylloplanins appear to be delivered and dispersed on the leaf surface by a novel 
mechanism.  We report here that a protein based surface defense does occur in plants.           
 
2.2. Materials and Methods 
 
2.2.1. Biological material 
 
 Greenhouse plants (Nicotiana tabacum L. tobacco introduction (T.I.) 1068 [hereafter 
referred to as T.I. 1068], cultivars (cv) KY 14, Petite Havana SR1, Nicotiana glauca, Nicotiana 
glutinosa cv 24A, Nicotiana rustica cv pavonii) were germinated and grown in soil under natural 
light conditions at 22-24ºC with weekly fertilization (20-20-20, N-P-K).  Plants were 
transplanted into 15-cm pots and treated with the insecticide Marathon (Olympic Horticultural 
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Products, Mainland, PA) at 3-4 wk post-emergence.  Leaves of field plants (T.I. 1068, Zea mays, 
Glycine max, Helianthus annuus) were collected at a farm near Lexington, KY during the 2002 
growing season. 
 To grow sterile T.I. 1068 plants, seeds were surface-sterilized with 10% (v/v) sodium 
hypochlorite for 10 min, rinsed briefly in 70% (v/v) EtOH, washed four times with sterile water, 
and germinated on Murashige-Skoog (MS) medium (Murashige and Skoog, 1962) containing B5 
vitamins (100 mg/Liter myo-inositol, 10 mg/Liter thiamine-HCL, and 1 mg/Liter each 
pyridoxine-HCl and nicotinic acid) in a growth chamber (22ºC) under fluorescent illumination 
(light/dark 16/8 hr daily).  Individual plants were transferred to PlantCons (ICN Biomedicals, 
Aurora, OH) containing MS agar at 3 wks post-emergence.   
 Escherichia coli strain ER2508 (New England Biolabs, Beverly, MA) was stored and 
propagated as described by the supplier.  Spores of Peronospora tabacina (isolate KY-79) were 
harvested from sporulating lesions on N. tabacum cv KY 14 plants (Reuveni et al., 1986). 
2.2.2. Phylloplanin collection and SDS-PAGE 
 Water-soluble phylloplane components were collected from mature, fully-expanded 
leaves of greenhouse-grown plants and field-grown G. max and H. annuus by washing freshly-
detached leaves in 200 mL nanopure water (NANOpure ultrapure water system D4751, 
Barnstead/Thermolyne, Dubuque, IA) in a plastic container.  Small leaves were totally immersed 
for 15 s.  Larger leaves could not be totally immersed all at one time, so while holding the petiole 
and the leaf tip, surfaces were immersed for 30 s using a rocking motion.  Leaves from sterile-
grown T.I. 1068 were washed in 20 mL nanopure water in a plastic container.  Leaves from 
field-grown T.I. 1068 and Zea mays were washed in ~1 Liter nanopure water.   
 To measure leaf surface protein refurbishment, intact leaves still attached to healthy 
plants were gently rolled so that they could be submerged for 30 s in 1L nanopure water in a 1 L 
graduated cylinder.  Three subsequent washes were obtained for each leaf.  The plants were 
returned to the greenhouse for 14 days, after which three additional washes were obtained from 
the previously-washed leaf.       
Water washes were filtered (No. 1 filter paper, Whatman, Clifton, NJ), lyophylized to 
dryness, resuspended in 3 mL sterile dH2O, and centrifuged at 12,000 x g for 5 min at room 
temperature.  The supernatant was sterilized (13 mm/0.45-micron syringe filter, Corning Glass 
Works, Corning, NY) and stored at -20ºC until analysis, and is hereafter referred to as LWW.  A 
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post-acetonitrile leaf water wash (PA-LWW) was collected as above except freshly-detached 
leaves were first immersed for 15 s in 200 mL acetonitrile and allowed to dry for 5 min prior to 
immersion in water.   
Sample proteins were separated by SDS/12%/glycine-PAGE (Laemmli, 1970) or 
SDS/15%/tricine-PAGE (Judd, 1994) using a Mini-Protean II electrophoresis system (Bio-Rad, 
Hercules, CA, USA), and visualized with Coomassie blue or silver staining.  Unless noted, 
samples were mixed with an equal volume 2X SDS loading buffer (0.125M Tris-HCl [pH 6.8], 
4% SDS, 20% Glycerol, 10% 2-Mercaptoethanol), boiled for 5 min, centrifuged at 12,000 x g for 
1 min at room temperature, and loaded onto the gel. 
Protein was estimated using the BCA Protein Assay (Pierce Chemical, Rockford, IL), 
with BSA as a standard.  Leaf surface areas were estimated by tracing leaves onto uniform-
weight paper and then weighing the cutouts. 
2.2.3. Collection of epidermal peels and extracellular fluid   
 Epidermal peels were prepared from greenhouse-grown T.I. 1068 plants as described 
(Kandra et al., 1990).  Thin, transparent strips containing the epidermal layer were peeled from 
leaf midribs and immediately frozen in liquid nitrogen.  These were homogenized in a mortar 
and pestle with liquid nitrogen, transferred to a plastic Eppendorf tube, and 1 mL 1X SDS 
loading buffer was added.  The sample was vortexed for 2 min, boiled for 5 min, centrifuged at 
12,000 x g for 10 min at room temperature, and the supernatant was collected and frozen at -
20ºC before analysis by SDS-PAGE. 
Extracellular fluid (EF) was collected using a vacuum infiltration method (Terry and 
Bonner, 1980).  Midribs of detached, fully-expanded leaves from 12-wk-old T.I. 1068 plants 
were removed, and the lamina was cut into 1 cm longitudinal strips.  The strips were washed 
twice with 250 mL water and blotted dry.  Approximately 5 g (fresh weight) leaf strips were 
placed in a 250-mL suction flask with 100 mL 100 mM KCl, and vacuum was applied (30 s) and 
released, three times.  The strips were then blotted dry, rolled, inserted into a 15 mL syringe, 
placed in a 50-mL centrifuge tube, and centrifuged at 1020 x g at 4ºC for 5 min.  EF was 
collected from the bottom of the tube, stored at -20ºC, and analyzed by SDS-PAGE.  
2.2.4. Labeling of proteins from cored petioles 
 Leaves (No. 5 from youngest expanded leaf) of about 2-month-old greenhouse-grown 
T.I. 1068 plants were detached about 10 cm from the point of attachment to the stalk.  With a 
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twisting motion, a sharpened glass capillary was used to hollow out and remove the central tissue 
of the petiole.  The hollowed petiole was blotted dry, and 14C-valine in 100 µL water was added 
to the hollowed portion.  The end was sealed with a small piece of wooden dowel surrounded by 
paraffin wax.  The plants were incubated in the greenhouse for 5 days.  1 mL 1x SDS loading 
buffer was then dripped repeatedly over the surface of the petiole and collected, and care was 
taken so as not to touch cut or damaged areas.  The sample was centrifuged at 12,000 x g for 5 
min, and the supernatant was stored at -20ºC until analysis.  To collect radiolabeled epidermal 
proteins, small slices of epidermal tissue were removed from a radiolabeled petiole and 
homogenized in a small volume of 1x SDS loading buffer.  The sample was centrifuged at 
12,000 x g for 5 min, and the supernatant was collected and stored at -20ºC.  The samples were 
analyzed by 12% SDS-PAGE, as described above, and stained with Coomassie blue.  The gels 
were then dried, placed under a 32P imaging plate overnight, and radioactivity was detected with 
the phosphorimager.       
2.2.5. GC analysis 
 Total trichome exudate components from greenhouse-grown T.I. 1068 were collected by 
immersing unwashed leaves for 15 s in 200 mL acetonitrile.  The crude wash solutions were 
filtered (No. 1 filter paper, Whatman) and dried.  The trichome exudate was resuspended in 5 mL 
acetonitrile and stored at -20ºC until GC analysis.  Total trichome exudate components present 
on unwashed T.I. 1068 leaves were quantified by GC (flame ionization detection) as 
trimethylsilyl derivatives prepared in dimethylformamide, as previously described (Wang et al., 
2001).  To determine the amounts of trichome exudate components occurring in LWW, volumes 
equivalent to 200 cm2 leaf surface areas were transferred to glass GC vials and dried in a vacuum 
oven (37ºC) overnight.  Trichome exudate biochemicals were extracted at room temperature with 
methylene chloride.  The extract was dried, solubilized with dimethylformamide, derivatized, 
and analyzed by GC.  The amount of residual trichome exudate biochemicals in LWW was 
assessed relative to total trichome exudate (prepared as described above) on an equivalent 
surface area basis.  The absence of nicotine in LWW was determined using GC. 
2.2.6. Phylloplanin amino acid sequencing 
 Proteins in LWW from greenhouse-grown T.I. 1068 plants were separated by SDS-
PAGE.  Proteins were transferred to polyvinyldifluoride (Immobilon-psq, Millipore, Bedford, 
MA) using a Mini-Protean II electroblot apparatus (Bio-Rad), and visualized with Coomassie 
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blue.  Individual bands were excised for N-terminal sequencing using automated Edman 
degradation (Matsudaira, 1987) at the University of Kentucky Macromolecular Structure 
Analysis Facility (Lexington, KY). 
To recover the sequences of internal peptide fragments, LWW from greenhouse-grown 
T.I. 1068 plants were separated by SDS-PAGE, stained with Coomassie Blue, and the 21 kDa 
and 19 kDa bands were excised and digested with trypsin.  Total proteins in T.I. 1068 LWW 
were also digested with pepsin.  Resulting tryptic or peptic peptides were separated by reversed-
phased HPLC (Aquapore RP-300 7 µm particle size octyl reversed-phase column [Applied 
Biosystems, San Jose, CA]) and manually collected based on absorbance at 214 nm.  Samples 
were reduced in volume under vacuum to ca. 50 µL.  Amino acid sequence analyses of tryptic 
peptides were performed as above.  For peptic peptides, similar analyses were performed at The 
Protein Facility of Iowa State University (Ames, IA).  
2.2.7. Degenerate RT-PCR, RLM-RACE, and structural gene elucidation   
 Total RNA was extracted from T.I. 1068 leaf tissue (100 mg FW) with an RNeasy plant 
mini kit (Qiagen, Chatsworth, CA).  cDNA was synthesized from 5 µg total RNA using an 
Omniscript RT kit (Qiagen), and used as template for degenerate PCR.  The PCR amplification 
reaction was performed using PCR master mix (Promega) containing 3 µL cDNA template and 4 
µM of each primer in a 50 µL volume.  Successful amplification of a PCR product occurred with 
the primers 5’-ACWTTIGTITCIACWCATATYTCIGGICTIGTYTTTTG-3’ and 5’-
AARAAICCIGTIGGIGCIARICCIACYCTAAT-3’ where I = Inosine, W = A or T, Y = C or T, 
and R = A or G.  Amplification was for 46 cycles using the following thermal profile:  95ºC for 
45 s, 50ºC for 45 s, 72ºC for 1 min, followed by a final 4 min extension at 72ºC.  The PCR 
product was size-fractionated by electrophoresis in a 1.0% (w/v) agarose gel, isolated using a gel 
extraction kit (Qiagen Qiaex II), cloned into a pGem-T vector (Promega), and sequenced.  
 For RNA ligase mediated rapid amplification of cDNA ends (RLM-RACE), total RNA 
was extracted from T.I. 1068 leaf tissue, as above.  A GeneRacer kit (Invitrogen, CA) containing 
SuperScript III was used to generate cDNAs, according to the manufacturer’s instructions.  
Successful amplification of a 3’RACE product occurred with the GeneRacer 3’Primer and the 
gene-specific primer 5’-CTCAGTCCCCAAGTTTTTCCTAATGCATCAG-3’.  Successful 
amplification of a 5’RACE product occurred with the GeneRacer 5’Primer and the gene-specific 
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primer 5’-GGCCAAGAAAGTTAACTAGCTGATGCATA-3’.  PCR cycling parameters were 
according to the GeneRacer protocol.  
 Phylloplanin gene structure was elucidated using a GenomeWalker kit (Clontech), 
according to the manufacturer’s protocol.  Briefly, genomic DNA was isolated from T.I. 1068 
leaf tissue (100 mg FW) using a DNeasy plant mini kit (Qiagen), and ~4 µg genomic DNA was 
digested to completion (36 h) in four separate reactions with restriction enzymes that generated 
blunt ends (DraI, EcoRV, PvuII, StuII).  The resulting ‘libraries’ were purified by 
phenol/chloroform extraction and ethanol precipitation.  Digested genomic DNA in each library 
was then ligated to 5’-GenomeWalker Adaptor molecules and purified again.  A primary PCR 
reaction for each library was performed with a sense outer adaptor primer AP1, provided in the 
kit, and the antisense Phylloplanin-specific primer (5’-
TGGAACAAGTATGGCAAATGCAGCGGGG-3’).  Primary PCR cycling parameters were 
seven cycles of 25 s at 94ºC and 3 min at 72ºC, followed by 32 cycles of 25 s at 94ºC and 3 min 
at 67ºC, with a final extension of 7 min at 67ºC.  Products of primary PCR were diluted 1:25 and 
1 µL was used in nested PCR reactions with a sense inner adaptor primer (AP2), provided in the 
kit, and a nested antisense Phylloplanin-specific primer (5’-
GGGGGTTGCGATTAATGCAGCCAAAAGGAAAA-3’).  Nested PCR cycling parameter 
were five cycles of 25 s at 94ºC and 3 min at 72ºC, followed by 20 cycles of 25 s at 94ºC and 3 
min at 67ºC, with a final extension of 7 min at 67ºC.  A PCR product was amplified from the 
StuII-based library, size fractionated by gel electrophoresis, gel-extracted, cloned into a pGem-T 
vector, and sequenced.  
2.2.8. Expression vector construction and fusion protein purification    
 To overexpress the Phylloplanin gene in E. coli, a 10.3 portion of the coding sequence 
(termed PhyllP) was amplified using the primers RWS192-s-XbaI (5’- 
AGCTTCTAGACATATTTCGGGGCTGGTTTT -3’; the underlined section is an engineered 
XbaI site) and RWS192-as-PstI (5’- AGCTCTGCAGTTAGCCGGTGGGGGCGAGGCC; the 
underlined section is an engineered PstI site).  The PCR product was digested with XbaI and PstI 
and cloned into the pMal-c2x expression vector (New England Biolabs, Beverly, MA).  This 
plasmid creates a translation fusion between the gene insert and malE (which encodes Maltose 
Binding Protein [MBP]).  Protein expression was induced at 0.5 OD600 by the addition of 0.1 
mM isopropyl-beta-D-thiogalactoside.  Cells were harvested and resuspended in column binding 
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buffer (20 mM Tris-HCL, pH 7.4, 200 mM NaCl, 1 mM EDTA) containing 1 mg/mL lysozyme.  
Cell lysate was centrifuged at 10,000 x g for 10 min and the resulting supernatant was collected.  
Fusion protein was purified using amylose-mediated column chromatography (New England 
Biolabs) according to the manufacturer’s instructions and examined by SDS-PAGE.  Fractions 
containing purified fusion protein were pooled and concentrated to 1.0 mg/mL using a 3 kDa 
centrifugal filter (Microsep 3K Omega, Pall Laboratories, Ft. Myers, FL).  Factor Xa (New 
England Biolabs) was added and samples were incubated for 48 hr at room temperature.  Salts 
and buffer components were removed using a 3 kDa centrifugal filter, according to the 
manufacturer’s instructions, and protein concentration was adjusted to 1 mg/mL with the 
addition of sterile water and examined with SDS-PAGE.  
2.2.9. Phylloplanin antibody and western blots 
 Proteins in LWW were separated by SDS-PAGE and stained with Coomassie blue.  The 
band corresponding to Phylloplanin III (21 kDa) was excised and used to generate a polyclonal 
antibody in rabbits (Strategic Biosolutions, Newark, DE).   Immunodetection was performed 
using a 1:10,000 dilution of phylloplanin antiserum and a 1:10,000 dilution of horseradish 
peroxidase-coupled anti-rabbit secondary antibody (Sigma Chemical). 
2.2.10. Protease treatment 
 Insoluble Proteinase K affixed to acrylic beads (100 mg; P0803, Sigma Chemical) was 
weighed into mini-spin filters (732-6027, Bio-Rad).  The filters containing beads were placed 
into empty 1.5 mL Eppendorf tubes, and the filters were washed with sterile water (700 µL; 2600 
x g for 1 min).  The flow-through was discarded, and washing was repeated five times.  The spin 
filters were transferred to empty 1.5 mL Eppendorf tubes.  Samples were added to filters 
containing protease beads and incubated at 37ºC for 4 hr, with periodic inversion to mix.  The 
tubes were then centrifuged at 2600 x g for 10 min, and the flow-through from each was 
collected, stored at -20ºC, and analyzed by SDS-PAGE or used in blue mold assays. 
2.2.11. Peronospora tabacina spore germination and leaf infection assays  
 Freshly-collected P. tabacina spores were mixed with Milli-Q water, T.I. 1068 LWW 
(total protein concentration 600 ng/µL), Proteinase K (ProtK)-treated T.I. 1068 LWW (volume 
equivalent to 600 ng total protein/µL), or water incubated with ProtK.  The spores were 
incubated for 16 h in dark, humidified chambers as water drops (4 µL drops; 50 spores/µL) on 
microscope slides.  The spores were inspected visually at 100x magnification for germination.  
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The absence of a germination tube indicated inhibition.  Similar experiments were performed 
with PhyllP, MBP, ProtK-treated PhyllP, and ProtK-treated MBP. 
 For the leaf infection assay, 6-wk-old, greenhouse-grown N. tabacum cv Petite Havana 
SR1 plants were pre-conditioned by incubation in a growth room (21ºC; 14 hr light; 50% relative 
humidity) for 5 days.  Dilution series (1, 5, 12.5, 25, 50, 75, 100 ng protein/µL) of T.I. 1068 
LWW were prepared.  Individual concentrations were mixed with freshly-collected P. tabacina 
spores immediately before inoculation.  For each sample, 8-10 drops (4 µL drops; 100 
spores/µL) were applied to one attached leaf of undisturbed, pre-conditioned plants.  Plants were 
placed in dark, humidified chambers for 16 h to provide optimal conditions for infection, and 
then returned to the growth room.  Treated leaves were excised 5 days after inoculation and 
examined for lesion development.  They were then placed in dark, humidified chambers for 16 h, 
and visually inspected for sporulation.  P. tabacina lesion formation and sporulation or leaf 
yellowing in the regions where spores were applied indicated leaf infection.  
 
2.3. Results and Discussion 
 
The leaf surface, or phylloplane, is the plant’s interface with its aerial surrounds, and it is 
part of the phyllosphere, the diverse microorganismal habitat of leaves epitomized by specialized 
plant-microbe interactions (Lindow and Brandl, 2003).  The phyllosphere of N. tabacum (Fig. 
2.1) includes leaf epidermal cells (e.g. trichomes, hydathodes, guard cells, etc.), the cuticle, 
pathogenic and epiphytic microorganisms, and trichome secreted biochemicals (Wagner et al., 
2004).  Since the leaf surface is a major site of pathogen ingress, we hypothesized that defensive 
proteins may be present on the phylloplane.  Our initial experiment to test this hypothesis 
involved the radiolabeling of plant proteins by adding 14C-valine to hollowed-out leaf petioles 
(Lin and Wagner, 1994) on healthy plants.  After five days of incubation with the label, the 
petioles were washed with a small volume of SDS loading buffer.  Proteins in the wash solution 
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Figure 2.1. The phylloplane of N. tabacum. A. Transverse section of petiole surface (25X 
magnification).  A glandular trichome is indicated. B. Transverse section of petiole surface (50X 
magnification).  Leaf surface structures are indicated. 
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were separated by sodium dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
analyzed for radioactivity by phosphorimaging.  We found that a 2% SDS wash of the petiole 
surface contained at least two apparent, radiolabeled proteins, whereas an epidermal peel 
homogenate from labeled petioles contained a multitude of radiolabeled proteins (Fig. 2.2). 
Leaf washing is a common method of collecting microorganisms and biochemicals from 
the phyllosphere.  LWW from greenhouse-grown N. tabacum leaves (Fig. 2.3) was analyzed by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and found to contain four polypeptides 
with molecular masses of 16 (I), 19 (II), 21 (III), and 25 (IV) kDa, which we collectively termed 
phylloplanins (Fig. 2.4).  Phylloplanins are relatively pure and abundant, compared to proteins 
recovered from an epidermal peel homogenate or extracellular fluid, which suggests their 
selective deployment on the phylloplane, rather than passive leaching from the leaf interior 
through, e.g., stomata.  Sterile-grown N. tabacum LWW also contains phylloplanins (Fig. 2.4), 
indicating that these proteins are not products of phyllosphere microbes, and are not induced by 
stress or pathogen presence.  Tricine SDS-PAGE confirmed the 16-25 kDa molecular masses of 
phylloplanins, and showed that peptides of less than 11 kDa (e.g. plant defensins) were not 
evident components of LWW (Fig. 2.5).  Field-grown N. tabacum LWW displayed the familiar 
phylloplanin I-IV pattern, indicating that leaf surface proteins are retained under natural 
conditions (Fig. 2.6).  Indeed, we have found that they are renewed after washing (Fig. 2.7).  
Field-grown soybean (Glycine max) and sunflower (Helianthus annuus) LWWs both contained 
substantial leaf surface proteins when compared with corn (Zea mays) LWW (Fig. 2.6), but these 
proteins were not further characterized.   
   P. tabacina, a potent oomycete foliar pathogen and causal agent of blue mold, 
reproduces via airborne spores (Lucas, 1975), and initial host contact and spore deposition 
commences at the phylloplane.  Leaf colonization occurs when a germination tube emerges from  
a spore and infects the leaf interior, either through a wound, stomatal opening, or by the direct 
penetration of an ‘infection peg’ through the cuticle and underlying epidermal cell walls (Svircev 
et al., 1989).  LWW from greenhouse-grown N. tabacum plants was tested for antimicrobial  
activity and found to inhibit P. tabacina spore germination (Fig. 2.8, b) at total protein 
concentrations greater than 100 ng/µL (50 spores/µL), as did LWW from sterile-grown plants 
(data not shown).  The total LWW protein concentration (BCA assay) on the phylloplane of 
greenhouse-grown N. tabacum leaves was estimated to be 100-200 ng/cm2 leaf surface area. 
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Figure 2.2. Labeling of T.I. 1068 leaf midveins with 14C-valine.  Samples were separated by 12% 
SDS-PAGE and stained with Coomassie blue (SDS), and radioactivity was visualized with a 
phosphorimager (P).  a & b. Epidermal cell homogenate (Epidermis).  c & d. 1X SDS loading 
buffer midvein wash (Petiole Wash).  Radiolabeled proteins were present in both samples, but the 
petiole wash was greatly enriched in two major bands (Phylloplanins II and III, indicated with 
arrows). 
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Figure 2.3. Collection of a T.I. 1068 leaf water wash (LWW). 
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Figure 2.4. T.I. 1068-derived samples separated by 12 % SDS-PAGE and stained with Coomassie 
blue.  Phylloplanins I-IV are identified.  Loaded volumes of LWW (d) and sterile-grown plant 
LWW (e) were the equivalent of that from a 25 cm2 of leaf surface area.  Mwt denotes low 
molecular mass protein standards (a). 
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Figure 2.5. T.I. 1068 LWW separated by 15% tricine SDS-PAGE and stained with silver.  The 
volume loaded was equal to 18 cm2 leaf surface area.  Phylloplanins I-IV are identified (b).  Mwt 
denotes Bio-Rad polypeptide standards (a). 
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Figure 2.6. Leaf water washes of field-grown plants separated by 12% SDS-PAGE and stained 
with silver.  Samples are:  Pharmacia low molecular mass standards (mwt). b. T.I. 1068 – 10 cm2 
surface area equivalence. c. G. max – 30 cm2 surface area equivalence. d. Z. mays – 285 cm2 
surface area equivalence. e. H. annuus – 6 cm2 surface area equivalence.
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Figure 2.7. Leaf water washes of T.I. 1068 leaves still attached to the plant, separated by 12% 
SDS-PAGE and stained with silver.  Volumes loaded are equivalent to 10 cm2 leaf surface area.  
Subsequent LWWs from day 1 (a. Day 1, LWW 1; b. Day 1, LWW 2; c. Day 1, LWW 3) show that 
the majority of phylloplanins were collected in the first LWW (a).  LWWs from day 14 (d. Day 14, 
LWW 1; e. Day 14, LWW 2; f. Day 14, LWW 3) indicate that phylloplanins were refurbished on 
the leaf surface. 
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Figure 2.8.  P. tabacina spore germination assays (Pt), Coomassie-stained 12% SDS-PAGE 
analyses (sds), and western blots with 1:10,000 phylloplanin antiserum (w).  Samples are: a. Water 
control; b. T.I. 1068 leaf water wash (LWW), 100 ng/µL total protein concentration – note no 
germination; c. T.I. 1068 LWW digested with Proteinase K (ProtK) with volume equivalent to 100 
ng/µL total protein concentration.  Arrow marks residual, soluble ProtK released from beads during 
incubation. 
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Assuming 2 ng protein inhibits 1 spore, phylloplanins could impact 50-100 spores per cm2 leaf 
surface area.  Also, we found that if germination was initiated, addition of LWW immediately 
arrested germination tube growth and development, showing the immediacy of inhibition.  
Protease digestion relieved inhibition of spore germination (Fig. 2.8,c), showing that intact 
proteins were necessary for inhibition.  Spore germination was not affected by incubation with 
protease only (data not shown).  Using quantitative GC, the levels of residual exudate diterpenes 
found in LWW (Fig. 2.9) were <1/10 of the IC50 reported to inhibit P. tabacina germination 
(Kennedy et al., 1992).   
 Intact N. tabacum cv. Petite Havana SR1 plants are considered to be susceptible to P. 
tabacina, and can be infected by applying spores to the leaf surface.  In our studies, after 5 days, 
sporulating lesions developed at sites of application (7 lesions/7 drops - Fig. 2.10,a).  
Phylloplanins in PA-LWW, when mixed with spores at total protein concentrations of 50 ng/µL 
or higher, totally inhibited leaf infection by P. tabacina (0 lesions/8 drops – Fig. 2.10,b).  At 25 
ng/µL total protein, partial inhibition (6 lesions/8 drops) was observed, and no inhibition 
occurred (8 lesions/8 drops) with titrations below 12.5 ng/µL total protein.  Similar results were 
observed in three independent experiments and in identical experiments with another susceptible 
cultivar, N. tabacum cv. KY 14 plants (data not shown).  Like T.I. 1068, LWWs of Petite Havana 
and KY 14 contain a similar phylloplanin pattern, but unlike T.I. 1068, they produce much less 
trichome exudate.  While we do not propose that phylloplanins are the sole determinant of blue 
mold resistance for tobacco growing in nature, we do point out that blue mold epiphytotics 
normally occur during prolonged periods of cool, rainy weather (Lucas, 1975), when 
phylloplanins would be washed from upper leaf surfaces.  Other surface chemicals may influence 
phylloplanin dispersion, longevity, and presentation on the leaf surface (e.g. as possible adduct 
ligands).  Thus, it is difficult for us to estimate the role of a single component such as 
phylloplanins in blue mold susceptibility or resistance, outside the experimental conditions used 
here. 
 N. tabacum phylloplanins I, II, III, and IV in LWW share an identical 20 aa N-terminal 
sequence (aa-N1 in Fig. 2.11).  Internal sequences were elucidated from HPLC-purified peptides 
generated by trypsin digestion (yielding peptides aa-T1, aa-T2, aa-T3, aa-T4) of SDS- 
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Figure 2.9. GC analysis of acetonitrile leaf wash, leaf water wash (LWW), and post-acetonitrile 
leaf water wash (PA-LWW) from T.I. 1068.  Volumes loaded for all samples were equivalent to 
200 cm2 leaf surface area.  1-T denotes 10 nanomoles of the internal standard 1-Tricosonal. 
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Figure 2.10.  P. tabacina leaf infection assay of Petite Havana.  A. Spores (104 spores/mL) mixed 
with water.  A sporulating lesion is indicated with arrow.  B.  Spores (104 spores/mL) mixed with 
T.I. 1068 LWW (50 ng/µL total protein concentration). 
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Method  Peak   Phylloplanin  Amino Acid Sequence   Name 
N-terminus N/A  I    ILVPTLVST 
  N/A  II   ILVPTLVSTHISGLVFCSV  aa-N1 
  N/A  III   ILVPTLVSTHISGLVFCSV  aa-N1 
  N/A  IV   ILVPTLVSTHISGLVFCSV (major) aa-N1 
       ATFDIVNKCTYTVxAAASPG (minor) 
         (BLAST hit with N. tabacum PR-5a) 
Trypsin  36.2  I   ASVQLR (major)   aa-T1 
       TCNATGQSVGR (minor) 
  59.8  I   ILNLNI (major)    aa-T4 
       CGATNVISSTITxxPQ (minor)  aa-T2 
  56.7  III   LVVATPLSTCxATLPSVG  aa-T3 
           (BLAST hit with AtQ9LUR8) 
  58.7  III   ILNLNI (major)    aa-T4 
       CGATxVNSSTITASPQVFP (minor) aa-T2 
Pepsin  1  I, II, III, IV  IRVGLAPTG    aa-P1 
 
Figure 2.11.  Amino acid sequences recovered from phylloplanin N-terminal analyses, trypsin 
digestion, and pepsin digestion. 
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PAGE separated Phylloplanin I and III (Fig. 2.11).  Similar HPLC profiles were recovered from 
Phylloplanins I and III (Fig. 2.12, 2.13, 2.14), and analogous peaks yielded identical amino acid 
sequences (Fig. 2.11).  These data indicate that Phylloplanins I and III are very closely related 
proteins.  Pepsin digestion of PA-LWW, then HPLC separation of resulting peptides (Fig. 2.15) 
and amino acid sequencing also yielded an amino acid sequence (aa-P1 in Fig. 2.11).  
Degenerate, deoxyinosine-containing primers encoding parts of peptides aa-N1 (sense) and aa-
P1 (antisense) were synthesized (Fig. 2.16) and used in RT-PCR with cDNA generated from T.I. 
1068 total leaf RNA, amplifying a 332 bp fragment from Phylloplanin cDNA.  RNA ligase-
mediated rapid amplification of cDNA ends (RLM-RACE) was used to recover a full-length, 
novel N. tabacum Phylloplanin cDNA sequence of 666 bp in length (Fig. 2.17), encoding a very 
hydrophobic, basic (50% hydrophobicity, estimated pI 9.3, VectorNTI) 15.4 kDa protein 
containing 150 amino acids.  Based on the N-terminus recovered from the mature phylloplanin  
(Ile-24) the first 23 amino acids comprise a signal sequence that targets the protein to the 
secretory pathway [TargetP version 1.0 (Emanuelsson et al., 2000)].  The molecular mass of the 
mature protein is estimated to be ~13 kDa.  Interestingly, we do not recover a protein of this 
mass from the leaf surface, but instead recover four apparent bands of higher molecular masses 
(Fig. 2.4).  We speculate that the molecular masses of native phylloplanins I-IV are increased 
due to the occurrence of adducts with diterpenes, sugars, or lipids.  These adducts could serve to 
increase protein solubility and dispersion on the leaf surface.  We note that highly hydrophobic, 
basic saposin-like proteins of animals (see below) display anomalous migration in SDS-PAGE 
(Curstedt et al., 1987), and suggest that phylloplanins may behave similarly.  Putative sequences 
from A. thaliana (Accession: BAB02757; GI: 11994620) and from O. sativa (Accession: 
BAC83536; GI: 34393856) shared homology with the Phylloplanin cDNA.  At least two regions 
of sequence identity exist and possibly represent conserved motifs (see Chapter 4).  
 The genomic structure of gene Phylloplanin was elucidated from T.I.1068 genomic DNA 
using a Genomewalker kit (Clontech).  The gene contains two exons (1: 175 bp; 2: 278 bp) that 
are separated by a 508 bp intron (Fig. 2.18). 
 A 10.3 kDa portion of the Phylloplanin gene (PhyllP) was expressed in E. coli as a fusion 
protein with maltose-binding protein (MBP) (New England Biolabs).  Soluble fusion protein 
(MBP-PhyllP) was purified on an amylose column (New England Biolabs), cut with the protease 
Factor Xa to release PhyllP, and 
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Figure 2.12. HPLC Chromatogram of trypsin digest background control, with peaks numbered 
according to time of collection (in min after run start).  The trypsin peak (83.6) is indicated.  
Peaks with asterisks identify similar background peaks present in sample runs.   
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Figure 2.13.  HPLC Chromatogram of Phylloplanin I (16 kDa) trypsin digest, with peaks numbered 
according to time of collection (in min after run start).  The trypsin peak (82.3) is indicated.  Peaks 
with asterisks relate to similar peaks in the background run.  Peaks containing sequenced peptides 
are 36.2 and 59.9. 
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Figure 2.14. HPLC Chromatogram of Phylloplanin III (21 kDa) trypsin digest, with peaks 
numbered according to time of collection (in min after run start).  The trypsin peak (81.6) is 
indicated.  Peaks with asterisks relate to similar peaks in the background run.  Peaks containing 
sequenced peptides are 56.7 and 58.7. 
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Figure 2.15. HPLC chromatogram of pepsin digest of total PA-LWW.  Collected peaks are 
numbered.  Peak 1 contained a peptide that was successfully sequenced. 
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                                            Sequence aa-N1 
 
         NH2-Ile-Leu-Val-Pro-Thr-Leu-Val-Ser-Thr-His-Ile-Ser-Gly-Leu-Val-Phe-Cys-Ser-Val-Thr-COOH 
 
 Sense   5’- ATT TTA GTA CCA ACA TTA GTA TCA ACA CAT ATT TCA GGA TTA GTA TTC TGC TCA GTA ACA -3’ 
  DNA          A   G   C   C   C   G   C   C   C   C   A   C   C   G   C   T   T   C   C   C 
               C CTA   G   G   G CTA   G   G   G       C   G   G CTA   G           G   G   G 
                   C   T   T   T   C   T   T   T           T   T   C   T           T   T   T 
                   G               G                     AGT       G             AGT 
                   T               T                       C       T               C 
 
P-81-S1                   5’-ACA TTI GTI TCI ACA CAT ATT TCI GGI CTI GTT TTC TG-3’                
P-81-S2                        T               T       C               C   T                      
 
P-81-S3                   5’-ACA TTI GTI TCI ACA CAT ATT TCI GGI TTA GTT TTC TG-3’                
P-81-S4                        T               T                   G   C   T                      
_________________________________________________________________________________________________ 
 
                                 Peptide aa-P1 
 
          NH2-Ile-Arg-Val-Gly-Leu-Ala-Pro-Thr-Gly-Phe-Phe-Tyr-Leu-COOH 
 
          3’- TAA GCT CAT CCT AAT CGT GGT TGT CCT AAG AAG ATA AAT -5’       Antisense 
                T   G   G   G   C   G   C   G   G   A   A   G   C       DNA 
                G   C   C   C GAT   C   G   C   C             GAT 
                    A   A   A   G   A   A   A   A               G 
                  TCT           C                               C 
                    C           A                               A 
 
  
           3’-TAA TCT CAI CCI AAI CGI GGI TGI CCI AAA AA-5’       P1-A1 
                T   C         G                     G             P1-A2 
                G                                                 P1-A3 
 
Figure 2.16.  Degenerate PCR primer pools designed according to amino-acid sequence of 
Phylloplanin peptides aa-N1 and aa-P1.  Underlined nucleotides represent degeneracy nearest 3’ 
terminus at which pools of primers differ.
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                                                 M   A   S          
AACACAATTTCTTACAGCAATAACTATCACATATAACAATAACTGCC ATG GCT TCA  56  
 
 A   K   I   F   L   I   F   L   L   A   A   L   I   A   T          
GCA AAA ATT TTC TTG ATT TTC CTT TTG GCT GCA TTA ATC GCA ACC  101 
                    _______________________________________            
 P   A   A   F   A   I   L   V   P   T   L   V   S   T   H       
CCC GCT GCA TTT GCC ATA CTT GTT CCA ACA CTT GTT TCA ACA CAT  146 
___________________________________ 
 I   S   G   L   V   F   C   S   V   N   G   N   L   D   V          
ATA AGT GGG CTT GTA TTT TGC AGC GTT AAC GGC AAT TTA GAT GTC  191 
                
 I   N   G   L   S   P   Q   V   F   P   N   A   S   V   Q 
ATC AAC GGA CTC AGT CCC CAA GTT TTT CCT AAT GCA TCA GTG CAA  236 
 
 L   R   C   G   A   T   N   V   I   S   S   T   I   T   N          
TTG CGG TGT GGA GCA ACA AAT GTG ATA TCA AGT ACA ATA ACA AAT  281 
 
 G   S   G   A   F   S   L   A   V   N   T   F   P   L   L          
GGA TCG GGA GCA TTT TCC TTG GCG GTG AAT ACT TTC CCA CTG CTA  326 
            
 N   C   N   L   V   V   A   T   P   L   S   T   C   N   A         
AAC TGC AAT TTA GTG GTT GCA ACT CCA CTA TCA ACA TGT AAC GCG  371 
 
 T   L   Q   S   V   G   R   L   A   S   S   L   R   L   V          
ACC TTA CAA TCG GTT GGG CGT TTG GCG TCA TCC TTG AGA CTT GTA  416 
                                        ___________________ 
 N   I   T   L   G   S   G   T   G   L   I   R   V   G   L         
AAT ATC ACT CTT GGC AGT GGC ACC GGT CTT ATT AGA GTC GGT TTA  461 
_______________      
 A   P   T   G   F   I   L   N   L   N   I   N   *                  
GCT CCT ACT GGT TTT ATA CTT AAT CTT AAC ATC AAT TAA TATTGAAC 508 
 
GAGCTAGCCTGCTGGTTCTTAATTAGTACTACTACTATGCATCAGCTAGTTAACTTTCTT 568 
 
GGCCAGCTGCTTACTGCAAGAATAAGGACTGTTGTTTCCACTAGTGAATAAAGTGCAAAT 628 
 
CATATTTGCAAGTCTAAAAAAAAAAAAAAAAAAAAAAA                       666 
 
Figure 2.17.  Nucleotide and predicted amino acid sequence of Phylloplanin cDNA from N. 
tabacum.  Nucleotide position is marked on the right.  The start and stop codons are underlined.  
The signal sequence is bold-faced.  Segments corresponding to peptides aa-N1 and aa-P1 are 
marked by lines above the amino acid sequences and labeled. 
aa-N1
aa-P1
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                                                            M  A   S  A  K  
        1 cacaatttct tacagcaata actatcacat ataacaataa ctgccatggc ttcagcaaaa  
           I  F  L   I  F  L  L   A  A  L   I  A  T   P  A  A  F   A  I  L 
       61 attttcttga ttttcctttt ggctgcatta atcgcaaccc ccgctgcatt tgccatactt  
           V  P  T   L  V  S  T   H  I  S   G  L  V   F  C  S  V   N  G  N 
      121 gttccaacac ttgtttcaac acatataagt gggcttgtat tttgcagcgt taacggcaat 
           L  D  V   I  N  G  L   S  P  Q   V  F  P N- 
      181 ttagatgtca tcaacggact cagtccccaa gtttttccta gtaagttctt cattttgtac  
      241 gtaggcctat tataatacca aaaaggaacc ctcctcaata gaataaaaaa taagcccttt  
      301 atatacactc aaccctatga aagaagtcgt aagtggcgtt attagcctat gatatatgag  
      361 tatatataca ctgtcaaatg atccaagaga tgactacaag taaactttct taaaatttag  
      421 gcagattttg aagtctaaga gaaataaaaa tgcatccatt attcctttca taacaatggg  
      481 tgcggatggt attaatatag agtaatttag gccgaatgaa tccgacactc gcagtcataa  
      541 gatgtatata gtcccgcgtt ataagaagtt tctgcatgtt gaactgtatg atcatgtcat  
      601 ctaaaaatct taaaagtgtg agataatatt ttcttatatt cataaataat tatattttca  
      661 tcatgtccgc taacatgcaa ggttgcgcta actgcgtaaa taatattaat atcatttaaa 
                 -N  A  S  V  Q   L  R  C   G  A  T   N  V  I  S   S  T  I   
      721 tttgcagatg catcagtgca attgcggtgt ggagcaacaa atgtgatatc aagtacaata  
           T  N  G   S  G  A  F   S  L  A   V  N  T   F  P  L  L   N  C  N  
      781 acaaatggat cgggagcatt ttccttggcg gtgaatactt tcccactgct aaactgcaat  
           L  V  V   A  T  P  L   S  T  C   N  A  T   L  Q  S  V   G  R  L 
      841 ttagtggttg caactccact atcaacatgt aacgcgacct tacaatcggt tgggcgtttg  
           A  S  S   L  R  L  V   N  I  T   L  G  S   G  T  G  L   I  R  V 
      901 gcgtcatcct tgagacttgt aaatatcact cttggcagtg gcaccggtct tattagagtc  
           G  L  A   P  T  G  F   I  L  N   L  N  I   N  * 
      961 ggtttagctc ctactggttt tatacttaat cttaacatca attaa 
 
Figure 2.18. Structure of N. tabacum gene Phylloplanin from transcription start site (base 
position 1) to stop codon (base position 1003-1005).  Exon 1 (46-220) and exon 2 (728-1005) are 
underlined.  Start and stop codons are bold-faced and underlined.  Intron consists of bases 221-
727.  Phylloplanin amino acid translation is indicated above exon regions. 
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desalted on a 3 kDa centrifugal filter.  Both MBP-PhyllP and PhyllP reacted with the 
phylloplanin-specific polyclonal antibody (Fig. 2.19) raised against the 21 kDa Phylloplanin III 
protein (Fig. 2.4).  The sample containing PhyllP inhibited P. tabacina spore germination at total 
protein concentrations greater than 160 ng/µL (Fig. 2.19, a).  Protease digestion relieved PhyllP 
inhibition of spore germination (Fig. 2.19, b).  A control sample containing MBP alone, 
produced by an empty pMal-c2x vector and treated in exactly the same manner as the PhyllP 
sample, had no effect on spore germination (Fig. 2.19, c), nor did protease-treated MBP (Fig. 
2.19, d), at total protein concentrations as high as 500 ng/µL.  We note that no inhibition of spore 
germination was observed with MBP-PhyllP fusion protein not treated with Factor Xa.  We 
conclude that released PhyllP is responsible for the observed inhibition, and since from western 
analyses it is evident that released PhyllP is only a small portion of sample protein (Fig. 2.19 a, 
SDS and western), the inhibitory concentration of PhyllP is undoubtedly much less than 160 
ng/µL.  E. coli expression of the 13 kDa mature phylloplanin was also found to inhibit spore 
germination (data not shown).   
 In leaf infection assays performed with N. tabacum cv. KY 14 plants, PhyllP did not 
totally inhibit infection, but it greatly reduced necrotic leaf damage.  MBP and uncut MBP-
PhyllP fusion samples allowed successful infections that were indistinguishable from the water 
control.  Lack of total inhibition with PhyllP may be due to insufficient protein concentration, as 
large amounts of purified, Factor XA-treated PhyllP are difficult to generate, perhaps due to the 
high hydrophobic nature of this protein.   
 We note that forced guttation increases the levels of phylloplanins recovered from leaf 
surfaces (see Chapter 3).  This implies that phylloplanins may reach the leaf surface via 
guttation, which is the extrusion of water from xylem vessels to the leaf surface through pore-
containing structures called hydathodes.  Guttation occurs under cool, humid conditions (also 
ideal for fungal infections) as a result of high root pressure.  Guttation fluid collected from tips of 
barley (Hordeum vulgare) seedlings contains pathogenesis-related proteins that are believed to 
inhibit motile bacteria entering the plant through open hydathode pores (Grunwald et al., 2003).  
Hydathodes of N. tabacum are not confined to the tips of leaves, but rather have a uniform 
distribution over the leaf surface.  They protrude over surrounding epidermal cells, and resemble 
shorter versions of neighboring glandular secreting trichomes (Fig. 2.1).  We suggest that 
phylloplanins are biosynthesized locally in hydathodes, are delivered to the leaf surface via  
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Figure 2.19.  P. tabacina spore germination assays (Pt), Coomassie-stained 12% SDS-PAGE 
analyses (sds), and western blots with 1:10,000 phylloplanin antiserum (w).  Samples are:  a. E. coli 
expressed T.I. 1068 PhyllP – note no germination.  Arrow indicates Factor Xa-cleaved, ~10.3 kDa 
PhyllP (160 ng/µL total protein concentration).  b. E. coli expressed T.I. 1068 PhyllP from (a), 
digested with Proteinase K (ProtK).  Volume used was equivalent to (a).  c. E. coli expressed, 
Factor Xa-treated Maltose Binding Protein (MBP), from empty pMal-c2x vector (200 ng/µL total 
protein concentration).  d. E. coli expressed MBP from (c), digested with ProtK.  Volume used was 
equivalent to (c).  
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guttation through hydathodes, and because of their unique properties (high hydrophobicity, 
basicity), dissolve in trichome exudate and are dispersed widely on the leaf surface.  It is 
noteworthy that certain lung saposin-like proteins of animals, considered components of innate 
immunity, are also highly hydrophobic and basic, and are secreted by epithelial cells and operate 
at the pulmonary air:water interface (Weaver and Conkright, 2001).        
 The majority of plant pathogens are fungi, and when airborne spores land on a leaf 
surface, germination is the initial step leading to host colonization.  By rapidly inhibiting spore 
germination, preformed phylloplanins may suppress pathogen infection before induced defenses 
are functional.  We hypothesize that secreted plant phylloplanins comprise a novel surface-
deployed, protein-based leaf defense, analogous to secreted surface proteins of animals.  We 
further suggest that the saposin-like properties of phylloplanins are ideal for their dispersion at 
the air-surface interface, and the hydathode may be the port of exit for these surface accumulated 
proteins.  Our hypothesis is supported by our observations that both natural N. tabacum 
phylloplanins and recombinant PhyllP inhibit P. tabacina spore germination in vitro and limit 
leaf infection in situ.  We note that oomycete fungal pathogens such as P. tabacina are 
notoriously difficult to control.  Phylloplanins therefore show promise as natural alternatives to 
chemical fungicides, and the gene Phylloplanin is a candidate for applications in agricultural 
biotechnology.  Further study is needed to broaden our understanding of this novel protein class 
unique to the plant kingdom. 
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Chapter 3:  Phylloplanin Site of Synthesis 
 
3.1. Introduction 
 
 The N. tabacum leaf surface, or phylloplane, is covered with numerous layers of 
biochemical secretions that are deposited in many diverse ways.  Epidermal cells, like all plant 
cells, secrete polysaccharides, lignin, suberin, and proteins that self-assemble to form thick cell 
walls (Cassab, 1998), which provide structural support and an interface with the atmosphere.  
The cuticle at the plant-atmosphere interface consists of C16 and C18 hydroxy fatty acids (cutin), 
polysaccharides, and cuticular and epicuticular waxes (long chain aliphatics) (Jeffree, 1996).  
Glandular secreting trichomes, which are present on ~30% of vascular plants, secrete 
biochemical exudates to the leaf surface that can accumulate to perhaps ~< 30% of the leaf’s dry 
weight (Wagner et al., 2004).  The structure and functions of glandular and non-glandular 
trichomes are well-studied.    
 Hydathodes, or specialized epidermal cells closely linked to the xylem, are not well 
understood, but are thought to extrude water and ions to the leaf surface under high root pressure 
circumstances in a process called guttation (Ivanoff, 1963).  Hydathodes of N. tabacum are 
stalked, multicellular structures located mainly along veins and at vein junctions.  The hydathode 
“gland” consists of loose parenchyma cells called epithem that are surrounded by a layer of tight-
fitting cells called the sheath.  Hydathode sheaths contain at least one stoma (or water pore), that 
cannot be closed (Mauseth, 1988).  Much of what we know about the structure and function of 
hydathodes comes from the older literature, and while very important, it is largely descriptive 
and does not elucidate details about cell-level mechanisms of hydathode function.  A suggested 
function of hydathodes in young leaves with immature and non-functioning stomata and poorly 
developed vascular tissues is to facilitate acquisition of an ample supply of mineral nutrients for 
rapid growth by removing xylem transported nutrients into the hydathode sheath cells while 
allowing the water to exit through the pore (Mauseth, 1988).  Transfer cells with plasmalemma 
and cell wall ingrowths that are characteristic of cells engaged in massive solute membrane 
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transport are found in hydathode sheath cells (Renaudin and Caphepon, 1977).  We do not know 
the diversity of solutes that may be present in guttation water or precisely how they are delivered 
to it, or if guttation is restricted to young leaves or high root pressure conditions. Several recent 
studies using sensitive, cell-selective detection methods such as promoter-GUS localization show 
distinct chitinase gene expression in hydathodes, as well as several other tissues (Samac and 
Shah, 1991; Passarinho et al., 2001).  Similarly, intense production of auxin in developing leaf 
hydathodes was correlated with vascular differentiation using a fusion of a highly active 
synthetic auxin response element with GUS. Also, using GUS fusions with Arabidopsis purine 
transporter genes, evidence was obtained that these transporters may be involved in retrieval of 
nucleobases and derivatives from vascular fluid in hydathodes, presumably to prevent their loss 
by guttation (Burkle et al., 2003).  Using energy-dispersive X-ray analysis, it was recently shown 
that in tobacco plants exposed to very high Cd, hydathodes (called short trichomes) and also 
glandular trichomes secrete Cd to the extent that Cd-containing crystals form on the external 
surfaces of these structures (Choi et al., 2001).  Guttation fluid of barley seedling tip hydathodes 
has been found to contain pathogenesis-related proteins, which may inhibit motile bacteria 
entering the plant through open hydathode pores (Grunwald et al., 2003).  As in many grasses, 
leaf tips of barley seedlings have hydathodes with large water pores. To our knowledge, 
successful isolation of hydathodes has not been reported.   
 N. tabacum phylloplanins are novel, antifungal proteins that can be recovered from leaf 
surfaces by washing intact leaves with water (see Chapter 2).  The site of phylloplanin 
biosynthesis is unknown and is the topic of this chapter.  To hypothesize about phylloplanin 
biosynthesis, we must first presuppose that there indeed exists a specialized method of 
phylloplanin delivery to the leaf surface.  In other words, we assume that phylloplanins are not 
simply produced by all plant cells, and that proteins which we wash from the leaf surface are not 
simple leachates, as is the case with leaf surface sugars (Mercier and Lindow, 2000).  If 
phylloplanins were simply by-products of protein leaching to the surface from the epidermal 
layer, then SDS gel analyses of water washes would reveal not four major bands, as we observe, 
but thousands of bands representing the entire apoplast-targeted protein complement of 
epidermal cells.  Instead, a leaf water wash contains four enriched, major bands that share the 
same N-terminus, which we have identified as phylloplanins.  A mechanism of specific 
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deposition, or at least enrichment, must be responsible for their presence on the phylloplane, and 
we can generate numerous hypotheses as to the nature of this mechanism.   
 Phylloplanins could be locally produced at high levels in epidermal cells, secreted, and 
then moved to the surface through cuticular striae, or pores in the cuticle, via a heretofore 
undescribed epidermal protein secretion system.  Phylloplanins could be produced in tobacco 
trichome glands, along with exudate biochemicals, and delivered to the surface with diterpenoids 
and sucrose esters.  Alternatively, phylloplanins could be produced locally in hydathodes, and 
extruded onto the leaf surface with guttation fluid, where they could dissolve in trichome exudate 
and spread across the leaf surface.  In this chapter, we will discuss our investigations into the site 
of phylloplanin biosynthesis using biochemical techniques.  We will also describe the isolation 
of the putative phylloplanin promoter sequence, which can be used in future experiments to 
investigate more precisely the site of phylloplanin biosynthesis using promoter-reporter gene 
expression. 
               
3.2. Materials and Methods 
3.2.1. Biological material 
 Greenhouse plants Nicotiana tabacum L. Tobacco Introduction (T.I.) 1068, T.I. 1112, 
T.I. 1406 [hereafter referred to by T.I. numbers], N. tabacum cv. KY 14, and Nicotiana glauca 
were germinated and grown in a standard soil mixture under natural light conditions at 22-24ºC 
with weekly fertilization (20-20-20, N-P-K).  Plants were transplanted into 15-cm pots and 
treated with the insecticide Marathon (Olympic Horticultural Products, Mainland, PA) at 3-4 wk 
post-emergence.  
    
3.2.2. Leaf water wash (LWW) collection and SDS-PAGE analysis 
 Water-soluble leaf surface components were collected from mature, fully-expanded 
leaves of 2-month-old greenhouse-grown plants by washing freshly-detached leaves in 200 mL 
nanopure water (NANOpure ultrapure water system D4751, Barnstead/Thermolyne, Dubuque, 
IA) in a plastic container.  Small leaves were totally immersed for 15s.  Larger leaves could not 
be totally immersed all at one time, so while holding the petiole and leaf tip, surfaces were 
immersed for 30s using a rocking motion.  Water washes were filtered (No. 1 filter paper, 
Whatman, Clifton, NJ), lyophylized to dryness, resuspended in 3 mL sterile distilled water, and 
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centrifuged at 12,000 x g for 5 min at room temperature.  The supernatant was sterilized (13 
mm/0.45-micron syringe filter, Corning Glass Works, Corning, NY) and stored at -20ºC until 
analysis, and is hereafter referred to as LWW. 
 Sample proteins were separated by SDS-PAGE using a Mini-Protean II electrophoresis 
system (Bio-Rad, Hercules, CA), and visualized with Coomassie blue or silver staining.  Unless 
noted, samples were mixed with an equal volume 2x SDS loading buffer (0.125M Tris-HCl [pH 
6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol), boiled for 5 min, centrifuged at 12,000 x 
g for 5 min at room temperature, and loaded onto the gel. 
 
3.3.3. Preparation of detached trichome glands with surrounding exudate and 
radiolabeling of trichome exudate 
 L-[35S]-methionine (1175 Ci/mmol) was purchased from Moravek Biochemicals (Brea, 
CA).  L-[U-14C]-valine (250 mCi/mmol) was purchased from American Radiolabeled Chemicals, 
Inc. (St. Louis, MO). 
 Trichome glands (head cells of trichomes) with surrounding exudate were collected by 
touching 20 mm X 20 mm microscope coverslips to T.I. 1068 petiole surfaces as previously 
described (Keene and Wagner, 1985).  The gland-bearing sides of each cover slip were rinsed 
with water.  When all cover slips had been rinsed, the water was transferred to an Eppendorf 
tube, centrifuged at 12,000 x g for 10 min to remove debris, and the supernatant was stored at -
20ºC before analysis by SDS-PAGE. 
 For radiolabeling studies, T.I. 1068 trichome glands with surrounding exudate were 
collected on cover slips as previously described as above (Keene and Wagner, 1985).  Wax drops 
were placed in the upper corners of individual cover slips to allow gas exchange and allow 
separation between cover slips.  Ten cover slips were inserted (gland-bearing-end down) in 
plastic wells containing 2 mL 35S-methionine/water (10 x 106 cpm) or 14C-valine/water (2 x 106 
cpm) and incubated in a humidified chamber for 16 h under fluorescent lamps.  After incubation, 
radioactive solutions were removed, the wells were refilled with 2 mL water, and cover slips 
were transferred to a separate well containing 2 mL water, in order to remove unutilized 
precursor.  The cover slips were then placed into another plastic well containing 2 mL room-
temperature 1x SDS loading buffer for 3 min.  Solubilized proteins, representing radiolabeled 
trichome gland proteins, were denatured by boiling for 5 min and separated by SDS-PAGE.  The 
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gels were vacuum-dried onto filter paper (No. 3, Whatman), and radiolabeled proteins were 
visualized on a phosphorimager (Fujifilm FLA-2000, Fuji Medical Systems, Stamford, CT) with 
a 32P-imaging plate (Fuji Imaging Plate BAS-TR2040, Fugifilm).  Scintillation counting was 
performed by mixing samples with 3 mL scintillation cocktail (3a70B, Research Products 
International) and measuring radioactivity on a quench-corrected liquid scintillation system. 
 
3.3.4. Radiolabeling of brushed and unbrushed epidermal peels 
 [U-14C]-sucrose (350 mCi/mmol) was purchased from ICN.  To remove trichome 
glands, petioles from detached T.I. 1068 leaves were brushed with a hog’s hair brush.  Epidermal 
peels were prepared from petiole surfaces of brushed and unbrushed leaves as described (Kandra 
and Wagner, 1988), taking care not to disturb the epidermal surface.  Peels were placed cut-side 
down on moistened filter paper in a watch glass containing 4.5 x 106 cpm 14C-sucrose or 6 x 106 
cpm 14C-valine, covered with another watch glass, and incubated under fluorescent lamps for 24 
hours.  The peels were blotted dry on fresh filter paper, and transferred to 1.5 mL Eppendorf 
tubes containing 1 mL water.  The tubes were vortexed for 3 min, centrifuged at 12,000 x g, and 
the supernatants (epidermal peel water washes), measured for radioactivity in a scintillation 
counter.  Aliquots were mixed with equal volumes of 2X SDS loading buffer.  The samples were 
boiled for 5 min, and proteins were separated by 12% SDS-PAGE.  The gels were vacuum-dried 
onto filter paper (No. 3) and radiolabeled proteins were visualized on a phosphorimager, as 
described above. 
   
3.3.5. Elucidation of putative phylloplanin promoter sequence 
 Genomic DNA was isolated from T.I. 1068 leaf tissue (100 mg FW) using a DNeasy 
plant mini kit (Qiagen, Chatsworth, CA).  The DNA sequence upstream of the Phylloplanin gene 
was recovered using a GenomeWalker kit (Clontech), according to the manufacturer’s protocol.  
Briefly, ~4 µg genomic DNA was digested to completion (36 h) in four separate reactions with 
restriction enzymes that generated blunt ends (Dra I, EcoR V, Pvu II, Stu II).  The resulting 
‘libraries’ were purified by phenol/chloroform extraction and ethanol precipitation.  Digested 
genomic DNA in each library was then ligated to 5’-GenomeWalker Adaptor molecules and 
purified again.  A primary PCR reaction for each library was performed with a sense outer 
adaptor primer AP1, provided in the kit, and the antisense Phylloplanin-specific primer (5’-
 48 
TGGAACAAGTATGGCAAATGCAGCGGGG-3’).  Primary PCR cycling parameters were 
seven cycles of 25 s at 94ºC and 3 min at 72ºC, followed by 32 cycles of 25 s at 94ºC and 3 min 
at 67ºC, with a final extension of 7 min at 67ºC.  Products of primary PCR were diluted 1:25 and 
1 µL was used in nested PCR reactions with a sense inner adaptor primer (AP2), provided in the 
kit, and a nested antisense Phylloplanin-specific primer (5’-
GGGGGTTGCGATTAATGCAGCCAAAAGGAAAA-3’).  Nested PCR cycling parameter 
were five cycles of 25 s at 94ºC and 3 min at 72ºC, followed by 20 cycles of 25 s at 94ºC and 3 
min at 67ºC, with a final extension of 7 min at 67ºC.  A 1.8 kB PCR product was amplified from 
the Stu II-based library, and gel-extracted (Qiaex II gel extraction kit, Qiagen), cloned into a 
pGem-T vector (Promega, Madison, WI), and sequenced. 
                     
3.3.6. Collection of guttation fluid 
 To force guttation, young N. tabacum cv. KY 14 plants were incubated in a sealed, 
humid, dark chamber at 21ºC for 48 hours.  LWW was collected from guttating leaves, as 
described above, and analyzed by SDS-PAGE.   
 
3.3. Results and Discussion 
 
 In an effort to determine phylloplanin site of synthesis, SDS-PAGE was used to compare 
leaf water washes (LWW) from Nicotiana plants with different surface characteristics (Fig. 3.1).  
All contained similar protein patterns, though the relative abundance varied between them.  
LWW of T.I. 1068, the line on which phylloplanins were originally discovered, contains a 
protein pattern of four low molecular weight bands (I, II, III, and IV).  LWW of T.I. 1112, a line 
with only non-glanded trichomes that produces little trichome exudate, contained substantial 
proteins with a pattern similar to LWW of T.I. 1068.  LWW of T.I. 1406, a mutant with glanded 
trichomes that are non-functional and produce only trace amounts of trichome exudate (Nielsen 
et al., 1991), contained similar leaf surface proteins as well, though they were less abundant than 
T.I. 1068 or T.I. 1112.  LWW of N. glauca, a plant species that bears no trichomes, had a 
different leaf surface protein pattern and contained the least amount of leaf surface proteins.  
Since phylloplanin-like proteins occur on plants that are lacking glanded trichomes (T.I. 1112, N. 
glauca) or have non-functioning trichome glands (T.I. 1406), these data suggest that trichome 
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Figure 3.1. A. Trichomes of T.I. 1068 (upper panel) contain functional glands that produce a 
droplet of exudate.  Trichomes of T.I. 1112 (lower panel) are glandless and do not produce exudate.  
B.  Leaf water washes (LWW) of different Nicotiana plants, separated by 12% SDS-PAGE and 
stained with silver.  a. T.I. 1068 (has functional trichomes) – 10 cm2 surface area equivalence. 
Phylloplanins I, II, III, and IV are indicated.  b. T.I. 1406 (has non-functional trichomes) – 30 cm2 
surface area equivalence.  c. T.I. 1112 (has glandless trichomes) – 15 cm2 surface area equivalence.  
d. N. glauca (lacks trichomes) – 522 cm2 surface area equivalence. 
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glands are not required for phylloplanin biosynthesis. 
 To determine directly if T.I. 1068 trichome glands are capable of phylloplanin 
biosynthesis, trichome glands plus exudate were detached as previously described (Keene and 
Wagner, 1985).  Water washings of these preparations yielded no discernible phylloplanins by 
SDS-PAGE and silver staining (data not shown).  To make this assay more sensitive, we 
incubated detached gland preparations with 35S-methionine, applying a method used previously 
to radiolabel trichome exudate diterpenes and sugar esters (Keene and Wagner, 1985).  After 
incubation, cover slips were leached with room temperature 1x SDS-loading buffer, and 
solubilized proteins were separated by SDS-PAGE.  Phosphorimager analysis revealed the 
labeling of multiple proteins having molecular weights >30 kDa, but little evidence for labeling 
of proteins in the molecular mass range of 16-25 kDa (Fig. 3.2,a).  Similar results were found 
using 14C-valine (Fig. 3.2,b).  These results indicate that isolated glands capable of exudate 
diterpene and sucrose ester biosynthesis do not synthesize phylloplanins. 
 Alternatively, trichomes were removed from intact leaf petioles with gentle brushing, 
leaving behind glandless trichome stalks (Kandra and Wagner, 1988).  Epidermal peels from 
brushed and unbrushed petioles were incubated with 14C-sucrose and washed with water, 
separated by SDS-PAGE, and visualized with phosphorimaging (Fig. 3.3).  There was no 
discernible difference between the brushed and unbrushed samples, suggesting that the removal 
of trichome glands had no effect on the complement of proteins produced.  However, the 
phylloplanin pattern was not clearly visible in either sample.  Similar, inconclusive results were 
also obtained by incubating brushed and unbrushed epidermal peels with 14C-valine (data not 
shown).  Either the sensitivity of the assay is too low due to insufficient material, or the 
mechanism of phylloplanin secretion was disrupted, as would be the case if they are secreted by 
hydathodes (xylem pressure absent).     
 The elucidation of the gene Phylloplanin (see Dissertation Chapter 2) has allowed us to 
begin investigating phylloplanin biosynthesis with tools of molecular biology.  Using a 
Genomewalker kit in conjunction with primary and nested phylloplanin-specific antisense 
primers, we successfully amplified a 1.8-kb PCR product from N. tabacum genomic DNA.  This 
product contained the 5’-untranslated region encoding phylloplanin cDNA and transcription start 
site.  In addition, it contained a further 1.6 kB upstream sequence, including a putative TATA 
box and 
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Figure 3.2. Detached, radiolabeled trichome gland SDS-washes, separated by 12% SDS-PAGE and 
visualized with a phosphorimager.  Molecular masses are indicated.  a. Glands labeled with 35S-
Methionine (17217 cpm total loaded on gel), and incubated under phosphorimager plate for 1 day.  
b. Glands labeled with 14C-Valine (2202 cpm total loaded on gel), and incubated under 
phosphorimager plate for 3 days. 
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Figure 3.3. Proteins from water washes of radiolabeled (14C-Sucrose) N. tabacum T.I. 1068 
epidermal peels.  Proteins were separated by 12% SDS-PAGE and visualized with a phosphorimager 
after 6 days incubation with an imaging plate.  Molecular masses are indicated.  a. Water wash of 
epidermal peels that were first brushed, to remove trichome glands (22914 cpm total loaded on gel).  
b. Water wash of epidermal peels that were not brushed (24618 cpm total loaded on gel). 
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    -1157 cccattccac tatgaacttc ccggaattca attctgacta tgcgtacaag tcataatgaa  
    -1097 gctgcacata gccttcatat cgctaaacga cgtgctaggt ctcaaaacga cctgtcgggg  
    -1037 tcgttacatt agaggtgatt aacttcgtgt atacttgtgc aagtgttcta taacaatttc  
     -977 aggccaacct agtaagagta gaaatagtga atggcacata acaaacgatc accacgaaat  
     -917 gtacatgata taactcacac aaggtaggca cgctactaga caattaccaa taacaacaat  
     -857 gcctaggaca tcacaagata tgaaaaatca atccttacta tcacggttga gttgtaacgt  
     -797 gtaagaatat ttcacacttt ttagggcact aagatcactc caccaacatt tcaagagaat  
     -737 cactggcact gccaaaaagc cctctacact gtagtgaatt tttgttagtt atctaaagtt  
     -677 aattattcac ttagtattct ttacattagg ttcccccctt ctaggtcctg cacgtaacta  
     -617 gattgaatgg attggtccac tctattatta cagagtaatt attaaatttt tatttgacta  
     -557 ggcaacacta attgcactat caacaaagta ttagttctag ccttctgggt acttcatacc  
     -497 tatgcaaatg ataattttat ttaaaacaat agatgtacat ggatataaat acctatgaaa  
     -437 attaaataaa atataactaa gaaaaaaaat ttaaagttca ctcctaagat atcgggttat  
     -377 tacatgacca aacacaattt gtttatcaaa tactttcaaa agaatttgtc aaacgtaaat  
     -317 tatttttctc caaagtgact tatgaattac tatgttgata aaatactttt caaagtaact  
     -257 aatgtttaga agtcaaggat gggcttcttt tgattattga agtttgtagc aattgtatgt  
     -197 agttatagtc agggtgacca ccagcatctc atatagcaat acacaagtgg gttagcgtat  
     -137 ttgaaatttc aattagttca ttcaaatata cacgtaatag cattataagc cactttcaca  
      -77 acagatagat taggggtttt aaaatttcaa ccaatgatat ttactataaa ttgatcatgc  
      -17 acaaacctta attgagcaac acaatttctt acagcaataa ctatcacata taacaataac 
               M  A   S  A  K   I  F  L  I   F  L  L   A  A  L …   
      +44 tgccatggct tcagcaaaaa ttttcttgat tttccttttg gctgcatta 
 
Figure 3.4. Promoter sequence of the gene Phylloplanin.  A putative TATA box (-33 to -30) and 
a putative CAAT box (-47 to -43) are bold-faced.  The phylloplanin transcription start site (+1) is 
bold-faced and underlined.  The phylloplanin start codon (+48) is underlined.  A portion of the 
phylloplanin amino acid sequence is indicated. 
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CAAT box, sequences common to DNA regulatory sequences called promoters (Fig. 3.4).  
Experiments are currently underway to test the tissue-level expression of the putative 
phylloplanin promoter with the reporter genes green fluorescent protein (GFP) and Beta-
glucouronidase (GUS). 
 At the time of this writing, our current model for phylloplanin biosynthesis is that they 
are locally produced in the hydathodes and extruded onto the leaf surface via guttation fluid.  If 
we force guttation by incubating young tobacco plants in a dark, humid chamber, leaf water 
washes of guttating leaves contain more leaf surface proteins (Fig. 3.5).  Guttation fluid of barley 
seedlings contains PR-proteins (Grunwald et al., 2003), and we could assume that these proteins 
are deposited with the single guttation droplet present at the tip of barley seedlings.  On N. 
tabacum, we have identified PR-5a as a leaf surface protein, although levels are much lower than 
that of phylloplanins (see Chapter 4).  Leaf surface PR-5a could be a product of hydathode 
deposition.  Also, guttation itself is a little studied phenomenon, and while it is assumed to occur 
only on cool, damp nights, we must recognize that only on cool nights do we observe visible 
droplets.  Hydathodes may continually secrete small amounts of water that simply evaporate 
quickly while the protein or ion components carried within remain, and are undetectable using 
classical methods of measurement.  If phylloplanins were secreted by hydathodes, then their 
hydrophobic nature would make them soluble in trichome exudate, where they could disperse on 
the leaf surface along with abundant trichome exudate.  Future experiments with the phylloplanin 
promoter should elucidate the role of hydathodes in phylloplanin deposition, as well as other 
aspects of hydathode biology noted above.  
 Figure 3.6 depicts a possible mechanism for dispersion of phylloplanin (and surface PR-
5a) on aerial surfaces.  Trichome glands secrete substantial exudate which flows to the surface 
and disperses through depression between epidermal cells.  Phylloplanins are exuded from 
hydathodes via guttation, flow to the hydathode base where they meet and are carried with 
trichome exudate.  Alternatively, phylloplanins “ride” the air-trichome exudate interface to be 
dispersed.  Saposin-like proteins of mammals (SP-B and SP-C) are pulmonary surfactants which 
promote rapid absorption to the air/water interface of the lung (Schram et al., 2003).  Like 
phylloplanins, these proteins are highly hydrophobic and basic.    
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Figure 3.5. LWWs of Control and Guttating N. tabacum cv. KY 14 Leaves, separated by 12% 
SDS-PAGE and stained with silver.  Loaded volumes are equivalent to 10 cm2 surface area.  
Guttating leaves contain more protein than the control leaves.  This suggests that guttation enhances 
leaf surface protein deposition. 
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Figure 3.6.  Illustration of N. tabacum T.I. 1068 leaf surface.  Exudate (red) is produced by 
trichome glands, and collects in low regions between epidermal cells.  Phylloplanins (blue) are 
produced by hydathodes, and due to their hydrophobic nature, dissolve and disperse in the exudate. 
 
 57 
 
Chapter 4:  Miscellaneous Observations 
 
4.1. Introduction 
 
 In this chapter, we will detail some miscellaneous observations made during our 
investigations into phylloplanins.  First, we will discuss N. tabacum PR-5a, the only other 
protein, besides phylloplanins, that we have identified on tobacco leaf surfaces.   
 A leaf water wash (LWW) of intact N. tabacum leaves contains proteins called 
phylloplanins, and these proteins are separated into four distinct low molecular weight bands.  N-
terminal amino acid sequencing of phylloplanins I, II, III, and IV, separated by SDS-PAGE, 
yielded a novel sequence (ILVPTLVSTHISGLVFCSVT), described in detail in Chapter 2.  In 
addition, a separate, minor (~ 20% of total) amino acid sequence was detected along with the 
Phylloplanin IV (25 kDa) band (ATFDIVNKCTYTVxAAASPG).  A BLAST search identified 
the later sequence as the N-terminus of the mature form of Nicotiana tabacum Pathogenesis-
related (PR)-R protein (or PR-5a protein; GI: 19979). Here we will describe our attempts to 
express PR-5a in E. coli.   
 Additionally, a BLAST search with an internal phylloplanin amino acid sequence from 
trypsin digestion (LVVATPLSTCxATLPS - see Dissertation chapter 2) displayed 77% similarity 
to a putative Arabidopsis protein, termed AtQ9LUR8 (Accession: BAB02757; GI: 11994620).  
AtQ9LUR8 also was identified in a BLAST search with the Phylloplanin cDNA sequence, and 
protein alignments of N. tabacum phylloplanin and AtQ9LUR8 (Fig. 4.1 - along with another 
potential homologue from O. sativa) indicates regions of sequence identity that could represent 
conserved motifs.  The Arabidopsis protein AtQ9LUR8 had not been studied experimentally, but 
instead was predicted by a computerized analysis of Arabidopsis chromosome three (Sato et al., 
2000).  We will describe our attempts to determine the function of this protein by expression in 
E. coli.  
 Finally, we briefly note that we have also recovered proteins that are apparently secreted 
from tobacco roots, suggesting that proteins may also accumulate in the rhizoplane.  These 
potential ‘rhizoplanins’ have not been further characterized.   
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Figure 4.1.  Protein alignment of N. tabacum phylloplanin and putative homologues from 
Arabidopsis thaliana and Oryza sativa.  Asterisks (*) indicate amino acid identity between all three 
species.  Colons (:) indicate conserved substitutions and periods (.) indicate semi-conserved 
substitutions among the three species.  Regions of identity may represent conserved motifs. 
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4.2. Materials and Methods 
 
4.2.1. Biological material 
 Nicotiana tabacum L. Tobacco Introduction (T.I.) 1068 [hereafter referred to by T.I. 
number]) and Arabidopsis thaliana ecotype Columbia were germinated and grown in standard 
soil mixtures under natural light conditions at 22-24ºC with weekly fertilization (20-20-20, N-P-
K) in a greenhouse.  Plants were transplanted into 15-cm pots and treated with the insecticide 
Marathon (Olympic Horticultural Products, Mainland, PA) at 3-4 wk post-emergence. 
 To grow sterile T.I. 1068 plants, seeds were surface-sterilized with 10% (v/v) sodium 
hypochlorite for 10 min, rinsed briefly in 70% (v/v) EtOH, washed four times with sterile water, 
and germinated on Murashige-Skoog (MS) agar (Murashige and Skoog, 1962) containing B5 
vitamins (100 mg/Liter myo-inositol, 10 mg/Liter thiamine-HCL, and 1 mg/Liter each 
pyridoxine-HCl and nicotinic acid) in a growth chamber (22ºC) under fluorescent illumination 
(light/dark 16/8 hr daily).  At 3 wks post-emergence, individual plants were transferred to 
PlantCons (ICN Biomedicals, Aurora, OH) containing thin bottom layers of liquid MS media. 
 
4.2.2. N. tabacum PR-5a (NtPR-5a) cDNA cloning and expression in E. coli 
 Total RNA was isolated from T.I. 1068 leaf tissue (100 mg FW) using an RNaqueous 
isolation kit (Ambion).  cDNA was synthesized from 5 µg total RNA using a Qiagen Omniscript 
RT kit, according to the manufacturer’s protocol.  The PCR amplification reaction (50 µL 
volume) was performed using PCR master mix (Promega), 2 µL cDNA template and 0.2 µM 
each of a primer pair designed from the GenBank N. tabacum PR-5a mRNA sequence 
(Accession:X12739, GI:19979), RWS72-s (5’- AAATGAACTTCCTCAAAAGCTTCCCCTT -
3’) and RWS72-as (5’- ACAACAACGACAACAGCGAACAAGAGAATC -3’).  Amplification 
was performed for 39 cycles using the following thermal profile:  95ºC for 45s, 60ºC for 45s, 
72ºC for 45s, followed by a final 5 min extension at 72ºC.  The 830 bp-PCR product was size-
fractionated by electrophoresis in a 1.0% (w/v) agarose gel, isolated using a gel extraction kit 
(Qiagen Qiaex II), cloned into a pGem-T vector (Promega), and the purified plasmid 
(pGemT::NtPR5a) was sequenced. 
 To overexpress NtPR-5a in E. coli, we chose the pET-30 Ek/LIC system (Novagen), 
which produces a translational fusion among a histidine tag, S-tag, enterokinase (Ek) cleavage 
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site, and the N-terminus of the expressed protein.  The NtPR5a coding sequence (excluding the 
bases encoding the 25 aa N-terminal signal) was amplified from pGemT::NtPR5a using the 
primers RWS73-s (5’- GACGACGACAAGATGGCCACTTTTGACATTGT-3’; the underlined 
section is for ligation independent cloning [LIC], the bold text is the start codon) and RWS73-as 
(5’- GAGGAGAAGCCCGGTTCAAGGGCAGAAGACA-3’; the underlined section is for LIC, 
the bold text is the stop codon).  Amplification was performed for 30 cycles using the following 
thermal profile:  95ºC for 45s, 62ºC for 45s, 72ºC for 45s, followed by a final 5 min extension at 
72ºC.  The PCR product was size-fractionated by electrophoresis in a 1.0% (w/v) agarose gel, 
and isolated using a gel extraction kit.  The product was then annealed with the pET-30 Ek/LIC 
vector (Novagen), according to the manufacturer’s ligation independent protocol, and cloned into 
E. coli BL21 (DE3) competent cells. 
 Cultures (ranging in volumes from 100 mL to 1000 mL) were incubated at 37ºC (or 28ºC 
for low-temperature experiments) with shaking (250 rpm).  When OD600 reached 0.6, isopropyl-
beta-D-thiogalactoside (ITPG) was added to a final concentration of 0.1 mM, and the culture was 
incubated with shaking for another 3 hours.  The cells were pelleted at 12,000 x g for 5 min at 
4ºC, and the media supernatant was discarded.  The pellet was washed three times with ice-cold 
1x His-Tag binding buffer (5mM Imidazole, 0.5M NaCl, 20mM Tris-HCl [pH 7.9]), and 
resuspended in 1/20 volume ice-cold His-Tag binding buffer.  An aliquot was removed as a total 
cellular protein (TCP) sample, mixed with an equal volume 2x SDS-loading buffer, and saved 
for SDS-PAGE analysis.  The remaining solution was lysed with a French press and centrifuged 
at 12,000 x g for 15 min., to separate the soluble portion (supernatant) from the insoluble portion 
(pellet), and portions of each were recovered and mixed with 2x SDS-loading buffer for SDS-
PAGE analysis.  The soluble portion, or the insoluble portion solubilized by the addition of 6M 
urea, then was purified using His-bind resin mediated chromatography (Novagen), according to 
the manufacturer’s instructions.  Fractions were collected, analyzed by SDS-PAGE, and protein-
containing fractions were pooled.  To remove urea and buffer components, the pooled sample 
was then either concentrated with a 3 kDa centrifugal filter (Microsep 3K Omega, Pall 
Laboratories, Ft. Myers, FL), or dialyzed using dialysis tubing (10 kDa molecular cutoff) at 4ºC.  
The sample was again analyzed by SDS-PAGE. 
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  4.2.3. A. thaliana AtQ9LUR8 cDNA cloning and expression in E. coli 
 Total RNA was isolated from A. thaliana leaf tissue (100 mg FW) using an RNaqueous 
isolation kit.  cDNA was synthesized from 5 µg total RNA using a Qiagen Omniscript RT kit, 
according to the manufacturer’s protocol.  The PCR amplification reaction (50 µL volume) was 
performed using PCR master mix (Promega), 2 µL cDNA template and 0.2 µM each of a primer 
pair designed from the GenBank A. thaliana AtQ9LUR8 mRNA sequence (Accession: 
BAB02757; GI: 11994620), RWS102-s (5’- 
ATGGGGGAAGACACTTTATCACATCCAAAAC -3’) and RWS102-as (5’- 
TCAGTTAAGAAGACCAAAGCCGGCAGG -3’).  The PCR product was size-fractionated by 
electrophoresis in a 1.0% (w/v) agarose gel, isolated using a gel extraction kit (Qiagen Qiaex II), 
cloned into a pGem-T vector (Promega), and the purified plasmid (pGemT::AtQ9LUR8) was 
sequenced. 
 To overexpress AtQ9LUR8 in E. coli, the coding sequence was amplified from 
pGemT::AtQ9LUR8 using the primers RWS109-s (5’- 
GACGACGACAAGATGGGGGAAGACACTTTATCACA -3’; the underlined section is for 
ligation independent cloning [LIC], the bold text is the start codon) and RWS109-as (5’- 
GAGGAGAAGCCCGGTCAGTTAAGAAGACCAAAGCC -3’; the underlined section is for 
LIC, the bold text is the stop codon).  Amplification was performed for 32 cycles using the 
following thermal profile:  95ºC for 45s, 60ºC for 45s, 72ºC for 45s, followed by a final 5 min 
extension at 72ºC.  The PCR product was size-fractionated by electrophoresis in a 1.0% (w/v) 
agarose gel, and isolated using a gel extraction kit.  The product was then annealed with the pET-
30 Ek/LIC vector (Novagen), according to the manufacturer’s ligation independent protocol, and 
cloned into E. coli BL21 (DE3) competent cells.  Protein induction and purification was 
performed as described above. 
 
4.2.4. Collection of a root water wash and analysis by SDS-PAGE 
 Sterile-grown plants were grown in MS agar then transferred to MS liquid media for 5 
days.  Plants were removed from their containers, and their roots were washed in 1 mL sterile 
dH2O.  Also, 1 mL dH2O was added to the empty PlantCon and swirled around with the 
remaining MS liquid medium.  The samples were filtered through Whatman filter paper (No. 1), 
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frozen and lyopholized to dryness.  The resulting lyopholized products were resuspended in 1x 
SDS loading buffer and analyzed by SDS-PAGE.   
 
4.3. Results and Discussion 
 
4.3.1. Nicotiana tabacum PR-5a is present on the leaf surface 
 Pathogenesis-related (PR) proteins are a diverse group of defense-related proteins, 
containing five major families (van Loon et al., 1994).  The expression of most PR-proteins is 
greatly induced by pathogen attack, although other stress conditions such as drought, herbivory, 
and cold also induce their expression (van Loon, 1985;Stintzi et al., 1993).  Basal expression of 
various PR-proteins has also been reported (Memelink et al., 1990).  N. tabacum PR-R protein 
was first identified when N. tabacum cv Samsun NN plants were infected with Tobacco Mosaic 
Virus (Cornelissen et al., 1986), and later renamed to PR-5a (van Loon et al., 1994).  Members 
of the PR-5 family are called thaumatin-like proteins because of their similarity to thaumatin, a 
sweet-tasting protein from the West African shrub Thaumatococcus daniellii (van der Wie and 
Koeve, 1972).  PR-5 proteins have been shown to induce hyphal rupture and spore lysis of 
Neurospora crassa, Candida albicans, Cercospora beticola, and Trichoderma reesei (Vigers et 
al., 1992; Koiwa et al., 1997).  PR-5d proteins have also been reported to inhibit growth of the 
oomycete Phytophthora infestans (Woloshuk et al., 1991).  The structures of the PR-5a and PR-
5d proteins have been solved, but the exact mechanism responsible for their antifungal properties 
is unknown.  It is believed that members of the PR-5 family increase the permeability of fungal 
membranes (Roberts and Selitrennikoff, 1990).   
 Since we were able to identify PR-5a on the leaf surfaces of healthy N. tabacum plants, 
we attempted to investigate the antifungal activity of this protein against the oomycete pathogen 
Peronospora tabacina.  The PR-5a cDNA sequence was recovered from T.I. 1068, and protein 
expression was attempted in Escherichia coli BL21 (DE3) cells using the Novagen PET-30 
EK/LIC system (Fig. 4.2).  Recombinant PR-5a was not present in soluble form and could not be 
recovered, even after passing the soluble portion recovered from 1L induced culture through a 
His-tag binding column.  Recombinant PR-5a accumulated only as insoluble inclusion bodies, 
even during inductions at low temperature and with varying levels of IPTG.  Recombinant PR-5a 
could be solubilized with the addition of >2M urea, a denaturing agent, and subsequently 
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Figure 4.2. Expression of N. tabacum PR-5a in E. coli BL21 (DE3) cells, using the pET30-Ek/LIC 
system. a. Total cellular protein (TCP) from non-transformed, control cells. b. TCP from induced, 
PR-5a (~30 kDa) expressing cells.  c. Soluble portion from induced, PR-5a expressing cells.  d. 
Insoluble portion from induced, PR-5a expressing cells. e. Insoluble portion from induced, PR-5a 
expressing cells, treated with 6M urea. f. Sample from (e), after passage through His-tag binding 
column. 
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purified on a His-tag binding column.  Unfortunately, urea alone inhibited blue mold spore 
germination, and removal of urea from samples containing recombinant PR-5a by dialysis or 
centrifugal filtration led to protein loss, presumably through precipitation. 
 We are unable to conclude if PR-5a plays a defensive role on the leaf surface against blue 
mold, due to our inability to recover soluble recombinant protein from E. coli in a form 
applicable to the assay.  Further investigation of this protein has not been continued so that study 
of phylloplanins could be aggressively pursued. 
   
4.3.2. The Arabidopsis phylloplanin homologue appears to inhibit E. coli 
 We recovered the AtQLUR8 cDNA from A. thaliana using RT-PCR.  We then attempted 
protein expression in E. coli BL21 (DE3) cells using the Novagen PET-30 EK/LIC system.  
Surprisingly, immediately after IPTG induction of protein expression, the culture stopped 
growing (Fig. 4.3).  We were unable to prepare any heterologous AtQ9LUR8 from induced 
cultures (Fig. 4.4), even using 1L culture volumes and His-tag binding resin mediated column 
chromatography.  These results indicate that the AtQ9LUR8 gene product may be antibacterial.  
Further investigation of this protein has not been continued so that study of phylloplanins could 
be aggressively pursued. 
 
4.3.3. Proteins are secreted from the roots of N. tabacum   
 We also note that we have recovered proteins in a root water wash of sterile T.I. 1068 
plants grown in a minimal volume of liquid MS media (Fig. 4.5).  A major protein is similar in 
size to phylloplanins, but no additional observations can be made as this and the other proteins 
have not been examined further.     
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Figure 4.3. Growth curves of E. coli BL21 cultures expressing N. tabacum PR-5a and A. thaliana 
AtQ9LUR8 with the pET-30 system.  Induction with IPTG, if performed, occurred at 2.25 hrs.  The 
IPTG-induced PR-5a expressing culture continued logarithmic growth along with control BL21 
cells and non-IPTG-induced cultures.  The IPTG-induced AtQ9LUR8 expressing culture seemed to 
stop growing.  This suggests that the induced AtQ9LUR8 protein product was toxic towards the 
culture. 
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Figure 4.4. Expression of A. thaliana AtQ9LUR8 in E. coli BL21 (DE3) cells, using the pET30-
Ek/LIC system. a. Total cellular protein from non-transformed, control cells. b. Non-IPTG-induced 
AtQ9LUR8-expressing cells. c. IPTG-induced AtQ9LUR8-expressing cells.  The protein pattern is 
the same in all three lanes.  No heterologous AtQ9LUR8 protein product is visible in (c), so the 
expressed protein does not appear to accumulate. 
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Figure 4.5. Secreted root proteins of sterile T.I. 1068, separated by 12% SDS-PAGE and stained 
with silver.  Molecular weights are indicated. a. Direct wash of root surfaces. b. Wash of the plant 
container. 
 68 
 
Chapter 5:  Conclusions and Future Areas of Research 
 
 In this dissertation, we have provided the first evidence for a protein-based surface 
defense system in plants.  Phylloplanins, or plant proteins that are secreted to leaf surfaces, 
represent a novel protein class apparently unique to the plant kingdom, and are encoded by the 
novel gene Phylloplanin.  Phylloplanins of Nicotiana tabacum have potent antifungal activity 
against the oomycete Peronospora tabacina, the causal agent of blue mold, but other leaf surface 
compounds (i.e. diterpenoids) also inhibit blue mold.  Therefore, we conclude that secreted 
proteins such as phylloplanins are an addition to the growing list of secreted biochemicals that 
directly inhibit pathogen growth and development on the leaf surface.  Further research must be 
conducted that examines the contributions and roles of leaf surface proteins in the phyllosphere 
milieu, against other pathogens (particularly other oomycetes) and on other plant species. 
 The recovery of the N. tabacum gene Phylloplanin provided an entry point for 
examination of leaf surface proteins, and allowed us to identify phylloplanin homologues in 
Arabidopsis thaliana and Oryza sativa.  These proteins, considered to be only putative, can now 
be assigned defensive functions and studied experimentally.  The homologue from Arabidopsis 
is already very interesting, as our attempts to express it in E. coli were unsuccessful due to its 
possible antibacterial nature.  We can safely assume that as more plant genomes are sequenced, 
other phylloplanin homologues will be discovered, for it is highly unlikely that the three species 
mentioned above are the only plants to produce phylloplanins.  As for the potential defensive 
activities and the organisms that these proteins will impact, we leave that speculation to anyone’s 
best guess.  Sequence alignments of tobacco phylloplanin and its homologues also indicate areas 
of sequence identity that may represent conserved motifs.  Study of these motifs may illuminate 
a general mechanism for antimicrobial activity, perhaps through the formation of pores in 
microbe membranes, and protein structural studies would be of great help also.  Many exciting 
experiments lay ahead regarding phylloplanin activity, functional mechanism, range of 
organismal impact, evolutionary diversification, etc.   
 Despite these unknowns, we believe there is great potential for utilization of N. tabacum 
phylloplanins in the control of disease.  Fungal disease is a major cause of agricultural 
production and product loss, and up to 10% of the annual crop in North America is lost due to 
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fungal disease (Knight et al., 1997).  Consumer demand for fungicides has created a $600 million 
market in the United States and a $6 billion market throughout the world.  Pathogenic oomycetes 
are notoriously difficult to control, and chemical fungicides that inhibit oomycetes are 
extensively used to control these diseases on vegetables, vine crops, tobacco, and turfgrass.  
Resistant oomycete strains are appearing at alarming rates, and public concern for the 
environment and food safety is admonishing the widespread use of chemical fungicides.  The 
development of environmentally-safe oomycete fungicides, and crop varieties with higher 
resistance to oomycete diseases, are necessary to overcome oomycete resistance and curb 
environmental contamination.  While further study is definitely needed, N. tabacum 
phylloplanins could perhaps be utilized as an environmentally-safe oomycete fungicide.  Since 
they are proteins, phylloplanins could perhaps be altered to curb the growth of target resistance.  
Additionally, genetic engineering of phylloplanins could generate plants with enhanced fungal 
resistance. 
 The method of phylloplanin deposition also poses a very interesting question for further 
experimentation.  The recovery of the phylloplanin promoter region now allows further 
investigation with powerful tools of molecular biology.  Studies with reporter genes will aid our 
understanding of the basic biology behind leaf surface secretion, and detailed functional analyses 
of promoter sequences could potentially identify important regulatory sequences.  Such 
experiments may also elucidate better the function(s) of hydathodes in leaf surface defense, and 
their other functions. 
 We also believe there is great potential for utilization of the phylloplanin promoter region 
as a novel leaf surface protein delivery system.  The targeted deposition to the leaf surface of 
other defensive proteins, such as defensins or other pathogenesis-related proteins, could allow us 
to generate plants with enhanced pathogen resistance.  Fungal spores, bacteria, and even 
herbivores could be deterred at their first point of host contact, when they are arguably at their 
most vulnerable, while toxic side-effects of proteins in the leaf interior may be minimized.   
 Even more excitingly, this delivery system may greatly aid future pursuits of molecular 
farming (Maliga and Graham, 2004), or the utilization of crop plants to produce novel 
compounds through agricultural biotechnology.  While novel compounds i.e. protein 
pharmaceuticals (Ma et al., 2003) can be produced in crop plants using current technology, a 
major production cost and technical hurdle is the purification of the product compounds.  If a 
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high-yield, surface delivery system could be developed, then depending on the downstream 
product applications, collection and purification could essentially consist of a one-step leaf wash, 
very similar to our collection of phylloplanins for this dissertation research.  Production and 
purification costs would be greatly reduced.  Because the system would be non-damaging to 
leaves, products would be refurbished over the next few weeks, and the number of harvests 
would only depend on the longevity of the plant. 
 While other uses of a leaf surface protein delivery system exist, the line between planned 
future experiments and science fiction has the tendency to become slightly blurred.  Perhaps 
secretion of metal chelating proteins may reflect damaging ultraviolet rays, or the secretion and 
collection of leaf surface proteins in a water wash could be used for nutritional purposes, to make 
‘unproductive’ parts of crops productive.  The implementation of phylloplanin research into 
future agricultural improvements will require a careful course of feasibility experiments, a little 
creativity, and a great amount of luck.  Even if successful, any achievement would undoubtedly 
be greeted by obstructions against the use of genetically-modified organisms and a high degree 
of public fear tempered by misunderstanding.  Is the battle worth pursuing?  To quote a youthful 
Thomas Huxley (Bibby, 1972), “I am sharpening up my claws and beak in readiness.”  To quote 
the last words of Jacque Monod (Judson, 1979), “I am trying to understand.”                          
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